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Abstract
The mountain pine beetle (MPB) has killed vast areas of pine forest in
British Columbia, Canada converting forests from carbon sinks to sources.
Different management options for these forests exist ranging from no
treatment to complete removal of the infested forest (clearcut). The MPB
attack and the following management alter the microclimate and carbon
balance of affected stands.
An intensive field campaign was conducted in the summer of 2010 in an
affected forest without treatment in the interior of British Columbia. Eddy
covariance, radiation, temperature, humidity and carbon dioxide (CO2 )
measurements were made at seven heights on a tower within and above the
canopy. This dissertation assessed the impact of the MPB attack and the
structure of the disturbed canopy on the contribution of various vegetation
layers (ground, secondary structure, overstory) to exchanges of CO2 , water
vapour (H2 O), momentum and sensible heat.
Previous research has shown that forests without treatment can
return to being carbon sinks faster than clearcut sites. It was hypothesized that the rich secondary structure (mostly immature trees that
survived the beetle attack) was responsible for this fast recovery. The
current dissertation showed that canopy layers in this sparse and opencanopy stand were aerodynamically well coupled with the atmosphere above
and allowed 60 % of photosynthetically active radiation to reach the ground.
Given these favorable light conditions, the secondary structure was
indeed responsible for a large proportion of the CO2 uptake; however, the
understory (< 1 m high) contributed at least equally to the CO2 uptake. A
dissimilarity in the vertical distribution of sources and sinks of CO2 , H2 O
and sensible heat was found. The dissimilarity between CO2 and H2 O was
caused by the differences in water use efficiency of the different vegetation
layers.
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Abstract
Gradient-diffusion theory (K-theory) applicability was examined in order
to guide modeling of stand microclimates and growth conditions. Momentum flux (shear stress) could be adequately determined using K-theory and
an adjusted length scale. In the case of the other scalars, the use of K-theory
was found to be problematic due to counter-gradient fluxes, the inability to
resolve gradients and fluxes and/or source scales.
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List of acronyms and symbols
Special notations
Symbol
′

∆
¯¯
EC
EP
ref

Description
Prime denotes deviation from the half-hourly mean
Prefix denoting the difference between a quantity at two adjacent measurement heights
Overbar denotes half-hourly averages
Subscript to denote results determined with the eddy covariance
approach
Subscript to denote results determined with the ecophysiological approach
Subscript to denote the measurements of a reference sensor

Acronyms
Acronym
BAI
BAIi,b,d
BAIi,b,l
BC
C
CF
CH2 O
CO2

Description
Bole surface area
Bole surface fraction of dead boles in
layer i
Bole surface fraction of live boles in
layer i
British Columbia
Carbon
Correction factor used in the spectral
correction
Carbohydrate
Carbon dioxide

Units
m2 m−2
m2 m−2
m2 m−2

dimensionless
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Acronyms
DBH
EBC

Diameter at breast height
Energy balance closure

EC
EP
GEP
GPP
H2 O
HF
HFP
IRGA
LAD
LAI
LAIi,br

Eddy covariance
Ecophysiological
Gross ecosystem photosynthesis
Gross primary productivity
Water vapour
Humidity factor
Soil heat flux plate
Infrared gas analyzer
Leaf area density
Leaf area index
Leaf area index of broadleaf vegetation in layer i
Leaf area index of coniferous vegetation in layer i
Light detection and ranging
Net ecosystem productivity partitioning method using a linear regression
fitted to low-light level daytime data
BC Ministry of Forests, Lands and
Natural Resource Operations
Monin-Obukhov similarity
Mountain pine beetle
Nitrogen
Net ecosystem exchange
Net CO2 exchange below the height z
Net ecosystem productivity
Net ecosystem productivity below
height z
National forest inventory
Net primary productivity
Non-rectangular hyperbolic function
Normalized root mean square error
Natural Sciences and Engineering Research Council of Canada
Net ecosystem production partitioning method using nighttime data
Oxygen

LAIi,co
LiDAR
LL

MFLNRO
MOS
MPB
N2
NEE
NEEz
NEP
NEPz
NFI
NPP
NRHF
nRMSE
NSERC
NT
O2

m
% or percentage points
(pp)

µmol m−2 s−1
µmol m−2 s−1

m2 m−3
m2 m−2
m2 m−2
m2 m−2

µmol
µmol
µmol
µmol

m−2
m−2
m−2
m−2

s−1
s−1
s−1
s−1

µmol m−2 s−1
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Roman symbols
PAR
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Photosynthetically active radiation
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x
Coordinated Universal Time
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use
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(WUE/D)
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dimensionless

m s−1
◦
◦

g C kg−1 H2 O
g C kg−1 H2 O kPa−1

Roman symbols
Symbol
a

Description
Area covered by chamber

Units
m2
xxix

Roman symbols
A
A1
A2
Abr
Aco
Al
c
cp
cp,m
C1
C2
Ca
CG
Cw
Cwa
Cwx
d
dt
dw
D
E
fo,s
Fc
Fs
g
h
ha
hb
H
k
ka

Leaf net assimilation
tree disc area of an average tree at the
bottom of a layer
tree disc area of an average tree at the
top of a layer
Leaf-level net assimilation rates of
broadleaf vegetation
Leaf-level net assimilation rates of
coniferous vegetation
Surface area of an average tree within
a layer
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tree circumference of an average tree
at the bottom of a layer
tree circumference of an average tree
at the top of a layer
Heat capacity of air
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Vapour pressure deficit
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CO2 flux density
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Thermal transfer coefficient
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Van-Kármán constant (=0.40)
Thermal conductivity of the air
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m
µmol m−2 s−1
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µmol mol−1 wet air
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J kg−1 K−1
m
m
J m−3 s−1
J m−3 s−1
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m
m
m
kPa
kg m−2 s−1
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µmol m−2 s−1
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m
W m−2 K−1
m
m
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W m−1 K−1
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K
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l
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L
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Lw
mc
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M
Mc
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Mq
n

Na

Nd

Nt
Nu

Lower limit for the kurtosis of a variable to be considered for the analysis
Upper limit for the kurtosis of a variable to be considered for the analysis
Eddy diffusivity
Eddy diffusivity for CO2
Eddy diffusivity for latent heat
Eddy diffusivity for sensible heat
Eddy diffusivity for momentum or
shear stress
Eddy diffusivity of a scalar s
Layer thickness
Mixing length of turbulent transport
of a scalar s
Obukhov length
Incoming longwave radiation flux density
Outgoing longwave radiation flux density
Length of thermocouple wire
CO2 molar mixing ratio
Water vapour molar mixing ratio
Molar mixing ratio of the scalar s
Momentum flux density
Molar mass of CO2
Molar mass of dry air
Molar mass of H2 O
Number of measurement locations included in analysis of the spatial variability of shortwave irradiance
Normalization factor of the reference
cospectrum of the vertical wind and
the acoustic temperature
Number of days included in analysis
of the spatial variability of shortwave
irradiance
Number of trees contributing to a
layer
Nusselt number

m2
m2
m2
m2
m2

s−1
s−1
s−1
s−1
s−1

m2 s−1
m
m
m
W m−2
W m−2
m
µmol mol−1 dry air
mmol mol−1 dry air
mmol mol−1
N m−2
kg mol−1
kg mol−1
kg mol−1
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ha−1 or m−2
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p
P
q
Q∗
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QG
QH
QS
ri,1

ri,2

rl
ru
R
Rb,d
Rb,l
Re
Re
Rf
Rd
Rs
Ru
skl
sku

Normalization factor of the cospectrum of the vertical wind and variable
x
Air pressure
Gross photosynthetic flux density below height z
Mole fraction of water vapour
Net radiation flux density
Temperature sensitivity of bole respiration (relative increase in respiration
for a 10 ◦ C increase in temperature)
Latent heat flux density
Soil heat flux density
Sensible heat flux density
Rate of change of energy storage
Inner radius of bole ring used in the
calculation of average bole temperature
Outer radius of bole ring used in the
calculation of average bole temperature
Lower limit of a variable to be considered for the analysis
Upper limit of a variable to be considered for the analysis
Respiratory flux density below the
height z
Bole respiration rate of dead boles
Bole respiration rate of live boles
Ecosystem respiration
Reynolds number
Foliage respiration
Gas constant of dry air
Soil respiration
Universal gas constant
Lower limit for the skewness of a variable to be considered for the analysis
Upper limit for the skewness deviation
of a variable to be considered for the
analysis

dimensionless

kPa
µmol m−2 s−1
mmol mol−1 wet air
W m−2
dimensionless

W
W
W
W
m

m−2
m−2
m−2
m−2

m

µmol m−2 s−1
µmol m−2 s−1
µmol m−2 s−1
µmol m−2 s−1
dimensionless
µmol m−2 s−1
J kg−1 K−1
µmol m−2 s−1
J kg−1 K−1
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stdu

Sc
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Sd,spatial
Sin,top
Sin
Sout
Sspatial
t
Ta
Tac
TB
TB,d
TB,l
Tc
Ti,n
Ti,s
Tpanel
Ts
Tv
Tw
u
u∗
u∗,top
u∗,z

Upper limit for the standard deviation
of a variable to be considered for the
analysis
CO2 source/sink strength
Average incoming shortwave flux density for day d and pyranometer i
Spatially-averaged incoming shortwave flux density for day d
Shortwave incoming shortwave flux
density at tower top
Incoming shortwave radiation flux
density
Outgoing shortwave radiation flux
density
Spatially-averaged incoming shortwave flux density
Time
Air temperature
Acoustic air temperature
Average bole temperature
Average bole temperature of dead
trees
Average bole temperature of live trees
Thermocouple temperature
Bole temperature for a ring i measured on the north side of the tree
Bole temperature for a ring i measured on the south side of the tree
Panel temperature
Soil temperature
Virtual temperature
Temperature of the thermocouple
wire
Longitudinal (streamwise) wind velocity
Friction velocity q

Friction velocity ( 4 (u′ w′ )2 + (v ′ w′ )2 )
at
q tower top
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(u′ w′ )2 + (v ′ w′ )2 at height z

µmol m−3 s−1
W m−2
W m−2
W m−2
W m−2
W m−2
W m−2
s
◦C
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◦ C or
◦ C or
◦C

K
K
K
K

◦C

or K
or K
◦ C or K
◦C

◦C

or K

◦C

K
K
K
K
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or
◦ C or
◦ C or
◦C

m s−1
m s−1
m s−1
m s−1
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v
V
VB
Vl
w
wi
x
xj
y
z
z0
zasl
zinf l
zm
zs
zt

ze

Wind velocity component in j direction
Lateral wind velocity
Chamber headspace volume
Battery voltage
Bole volume of an average tree within
one layer
Vertical wind velocity
Geospatial-weighting factor
Cartesian coordinate in the mean
wind direction
Distance in j direction
Cartesian coordinate perpendicular to
mean wind
Height above ground;
Vertical Cartesian coordinate
Roughness length
Elevation above sea level
Inflection point height
Measurement height
Scaling height
Height just below the height, where
the second derivative of the mean horizontal wind profile drops below zero
Effective height

m s−1
m s−1
m3
V
m3
m s−1
dimensionless
m
m
m
m
m
m
m
m
m
m
m

m

Greek symbols
Symbol
α
αw
β
γ

Γ
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Albedo
Albedo of thermocouple wire
Bowen ratio
Curvature factor of the inflection
point of the non-rectangular hyperbolic function
Dry adiabatic lapse rate

Units
fraction or %
%
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0.01 K m−1
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δ
δmc
δmq
δp
∆Fs
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∆z
ζ
η
θ
θd
θl
θs
θtree
λ
Λ
µ
ν
νc
ρ
ρa
ρc
ρq
ρs
ρstand

Light saturated net photosynthesis in
non-rectangular hyperbolic function
Error of molar mixing ratio of CO2
due to pressure uncertainties
Error of molar mixing ratio of water
vapour due to pressure uncertainties
Pressure error
Rate of change of CO2 storage in the
air
CO2 exchange within the vegetation
layer i
Rate of change of sensible heat in tree
boles
Energy storage change due to CO2 assimilation or respiration
Rate of change of latent heat in the
air
Rate of change of sensible heat in the
air
Layer thickness
Dimensionless height (stability parameter)
Fitting parameter in Eq. 3.14
Potential temperature
Volume fraction of dead trees
Volume fraction of live trees
Volumetric soil water content
Volume fraction occupied by trees
Latent heat of vaporization
Canopy area index
Fraction of molar mass of dry air over
molar mass of water
Viscosity of air
Molecular diffusivity of CO2
Density of moist air (ρa + ρq )
Dry air density
CO2 density in air
Water vapour density in air
Density of the scalar s
Stand density

µmol m−2 s−1
µmol mol−1 dry air
mmol mol−1 dry air
kPa
µmol m−2 s−1
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W m−3
W m−3
W m−3
W m−3
m
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kPa−1
or K
m3 m−3
m3 m−3
m3 m−3 or %
m3 m−3
J kg−1
m2 m−2
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◦C

mm2 s−1
µmol m2 s−1
kg m−3
kg m−3 or mmol m−3
kg m−3 or mmol m−3
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Greek symbols
σ
σw
σw,top
σw,z
τ
τtop
ϕ
φ
φC
φE
φH
φM
Φa
ψ

Ratio of water vapour density in the
air to dry air density (ρq /ρa )
Standard deviation of the vertical
wind velocity
Standard deviation of the vertical
wind velocity at the top of the tower
Standard deviation of the vertical
wind at height z
Reynolds stress (shear stress = −M )
Reynolds stress at the top of the tower
Initial slope of non-rectangular hyperbolic function
Stability function
Stability function for CO2 flux density
Stability function for latent heat flux
density or water vapour flux density
Stability function for sensible heat
flux density
Stability function for momentum flux
density or shear stress
Heat of CO2 assimilation
Inclination of the wind from the horizontal plane
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m s−1
m s−1
m s−1
N m−2
N m−2
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dimensionless
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J kg−1
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Chapter 1

Introduction
The western part of North America is the native habitat of the mountain
pine beetle (MPB, Dendroctonus ponderosae). Large outbreaks of the
beetle are common events, but the current outbreak in British Columbia
(BC), which started in the late 1990s, is the largest ever registered in
North America (Safranyik and Wilson, 2006). The BC Ministry of Forests,
Lands and Natural Resource Operations (MFLNRO) reported that, as of
2011, cumulative recorded outbreak areas totaled 181,000 km2 (MFLNRO,
2012). Rising air temperatures due to climate change allow more beetles
to survive through the winter (Safranyik and Wilson, 2006). Furthermore,
due to fire suppression, there is a vast area of even-aged mature pine trees,
which is a favorable habitat for the MPB (Taylor and Carroll, 2004). It is
predicted that by 2017 the MPB will have killed 57% of the mature pine
volume in BC (Walton, 2013). Even though the MPB infestation in BC
peaked in 2005 and has slowed considerably since then (MFLNRO, 2012),
the total outbreak area is still increasing and there are large areas of killed
forest remaining. Worldwide, there are many other species of bark beetles
causing substantial tree loss, making this not only a regional but a global
problem.
Three different management responses to the outbreak of MPB exist: (i)
non-invasive (no treatment), (ii) removal of only the affected trees (partial
harvesting) and (iii) complete removal of the affected stand (clearcut
harvesting). At the same time, the relative contributions of different forest
components (ground vegetation, secondary structure, crowns of healthy
and dead trees) to the stand carbon (C) balance are unknown. Brown et al.
(2012a) have shown that even in an apparently dead stand the CO2 sinks
can exceed the sources during the summer. They spectulated that the
existing secondary structure (mainly immature trees of different species
not killed by the beetle) and understory were largely responsible for the
observed net ecosystem uptake.
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Chapter 1. Introduction
MPB outbreaks have a large impact not only on the logging industry
but also on ecosystems, climate, microclimate and the carbon dioxide (CO2 )
and water budgets in affected forests. Maness et al. (2012) have found
that sensible, latent and radiative heat fluxes have changed significantly in
BC due to the MPB and have resulted in increased surface temperatures.
In this research project, I focused on the micrometerology and CO2
exchange, which is directly connected to turbulent transport in and above
the attacked forest canopy. However, turbulent exchange processes within
forest canopies, especially sparse canopies like the one studied here, are
not well understood. Thus, it is important to expand our knowledge and
improve the representation of turbulence in canopy models in order to
provide projections of future growth conditions in attacked forest stands.
Studies of CO2 , water vapour (H2 O), energy (i.e., radiation, sensible and
latent heat) and momentum exchange and turbulent transport within
affected canopies have helped to improve the understanding of these source
and sink distributions, but further knowledge is necessary to improve the
models’ ability to represent turbulence in a sparse canopy and to predict the
effects of MPB infestations on stand microclimate and growth conditions.
This PhD research project was part of an NSERC Strategic Grant that
brought together biometeorologists, micrometeorologists, ecophysiologists,
and forest scientists from BC Universities, the Canadian Forest Service, and
MFLNRO to assess the impact of different forest management strategies
following MPB outbreaks on C emissions and sequestration, the forest water balance and microclimate. The open-canopy structure resulting from
the MPB attack furthermore gave a unique opportunity to study turbulent transport in a sparse canopy. This dissertation addresses the impact of
canopy structure and the influence of the MPB on the CO2 , H2 O, momentum and energy exchange within the canopy in a non-invasively managed
lodgepole pine stand affected by MPB and in particular addresses the following three research questions:
1. What are the characteristics of the canopy microclimate after the MPB
attack and the resulting reduction in canopy density?
2. How is the available energy partitioned and how well is the energy
balance closed within and above this MPB-attacked stand?
3. How are the sources and sinks of CO2 , water vapour and sensible heat
vertically distributed throughout the canopy?
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1.1. Background and state of knowledge
To address those questions, two micrometeorological approaches (eddy
covariance and flux-gradient) and an ecophysiogical approach were
employed in this dissertation.
This dissertation is structured in five chapters, beginning with a
section about background and current state of knowledge (Section 1.1)
that includes a discussion of the storage and exchange of C, the MPB,
turbulent exchange in and above canopies and the main measurement
technique (the eddy-covariance technique) employed in this dissertation.
This is followed by three major research chapters examining the vertical
distribution of radiation and energy balance partitioning (Chapter 2),
the vertical distribution of CO2 sources and sinks (Chapter 3) and
flux-gradient relationships within and above the canopy (Chapter 4).
Chapter 5 summarizes the most important findings and conclusions of this
dissertation, presents possible technical improvements and potential future
work. Several appendices were added that show photographs of the field
site and instrumentation as well as discuss technical aspects of the data
processing and methodology in greater detail.

1.1
1.1.1

Background and state of knowledge
Carbon and carbon dioxide

Forests are important for the storage of C. The largest fraction of terrestrial
ecosystem C is stored in forests (Sabine et al., 2004). In BC’s coniferdominated forests, the amount of stored C is especially high in the oldest
stands (Black et al., 2008). On different time scales, forests either act as net
sources of or as net sinks for CO2 . Through the process of photosynthesis,
trees convert CO2 from the atmosphere and H2 O from the soil into oxygen
(O2 ) and carbohydrates, whereby C (CH2 O) is stored in the plant tissue.
This process is restricted to the daytime, since photosynthetically active
radiation (PAR) is required. Higher temperatures, elevated atmospheric
CO2 concentrations and atmospheric nitrogen deposition may enhance a
forest’s ability to act as a CO2 sinks (Canadell et al., 2007; Denman et al.,
2007). In general, given adequate water supply, there is a positive
relationship between mean annual temperature and annual C storage rates
since high temperatures extend the growing season period and consequently
increase the annual net ecosystem production (NEP), thereby increasing
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the uptake of CO2 by the plants (Baldocchi et al., 2005; Black et al., 2005).
Respiration releases CO2 from soil and plants. During autotrophic
respiration CO2 is released directly by living leaves, boles and roots, while
during heterotrophic respiration CO2 is released due to decomposition by
microorganisms and fungi (Monteith and Unsworth, 2008). These processes
occur during both daytime and nighttime, but are dependent on moisture
availability and soil temperatures amongst others (Luo and Zhou, 2010).
The uptake and release of CO2 varies depending to a number of factors
including the species composition of the stand, the stand developmental
stage, the growing season length, precipitation, temperature and solar
radiation (Black et al., 2008). Higher temperatures lead to an increase in
photosynthesis, but at the same time the release of CO2 by respiration
increases, usually in an exponential manner (Law et al., 2002; Curtis et al.,
2005). On the other hand, Barford et al. (2001) showed in a hardwood forest
that droughts increased annual C sequestration by suppressing respiration
due to the dry conditions . Similarly, Krishnan et al. (2006) found in a
boreal aspen stand in the first year of a three-year long drought that respiration was suppressed while gross ecosystem photosynthesis actually increased
due to the aspen tree roots being able to access water deep in the soil profile.
Investigations showed that during the 1980s and the 1990s the net
primary productivity (NPP) of global terrestrial ecosystems, thus the
net CO2 uptake by autotrophs, increased globally by 6% as a result of
global warming (Nemani et al., 2003). When looking at a smaller scale
the sources exceed the sinks in young stands. Fredeen et al. (2007) found
that it took approximately eight years after clearcut harvesting in a wet
sub-boreal interior spruce and subalpine stand east of Prince George, BC
to return to being a C sink. For very young stands, photosynthesis usually
does not balance the higher CO2 loss resulting from respiration in the soil
and decomposition of residual material (e.g., logging residue) on the ground.
Insects such as the MPB also have an impact on NEP, but this has often
been ignored in large-scale C budget modelling studies (McGuire et al.,
2001; Myneni et al., 2001). Kurz et al. (2008) conducted a regional-scale
study, where they used a forest ecosystem model to determine the impact
of the MPB, forest fires and harvesting on forest productivity and the C
balance. They concluded that the impact of the MPB is substantial and
it should be accounted for in large-scale modelling analyses. The results
4
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of this dissertation may provide information necessary to include insect
infestations in future C budget modelling at the stand, regional and global
scale.

1.1.2

Mountain pine beetle

The mountain pine beetle (Dendroctonus ponderosae) is an insect native
to the pine forests of western North America with a population that
periodically erupts into large-scale outbreaks (Amman and Cole, 1983;
Safranyik et al., 1974; Taylor and Carroll, 2004). These huge outbreaks
are responsible for increased mortality and reduced growth of millions of
trees over extensive areas (Mattson and Addy, 1975). The MPB typically
inhabits pines, particularly ponderosa pine (Pinus ponderosa), lodgepole
pine (Pinus contorta), whitebark pine (Pinus albicaulis), scots pine (Pinus
sylvestris) and limber pine (Pinus flexilis).
The MPB targets tall, old trees with an average diameter at breast
height (DBH) of 20 cm or greater (Amman et al., 1977; Cole and Amman,
1969; Hopping and Beall, 1948; McGregor et al., 1981; Safranyik et al.,
1974). It attacks the trees by boring holes in the bark in order to lay its
larvae. The MPB infests the trees with the blue stain fungus (Grosmannia
clavigera), which blocks the trees’ resin output and thereby disables its
only self-defence mechanism against the MPB. This makes it easier for
additional beetles to attack the vulnerable tree, and after a period of a
few weeks, the large number of holes inhibit the transport of nutrients and
water within the tree. Within one year after the outbreak, the foliage of
the trees turns red. After another year, the trees become grey in colour,
indicating that they are dead. Further information on the MPB and its
methods of attack can be found in Safranyik and Wilson (2006).
By killing large numbers of trees, the MPB results in major ecological
and social impacts (Volney and Fleming, 2000). It affects the logging
industry and leads to harvesting losses as well as unemployment. At the
same time, it impacts the microclimate of stands and the mesoclimate
of attacked regions. It influences the forest CO2 budget, particularly
by affecting older trees, which have a major role in C sequestration
(Black et al., 2008) and reducing CO2 uptake and increasing heterotrophic
Brown et al. (2010) showed that the
respiration (Kurz et al., 2008).
existence of secondary structure comprising tree seedlings, saplings,
5

1.1. Background and state of knowledge
sub-canopy and canopy trees of different species that survived the beetle
attack might have a major influence on whether the forest is a net CO2
sink or source. Furthermore, remote sensing data indicated that the MPB
was responsible for a substantial decrease in evapotranspiration rates
and an significant increase in radiative and sensible heat fluxes. This
corresponded to a comparable temperature increase (1 ◦ C) as observed
for other types of disturbance like for example wildfire (Maness et al., 2012).
BC is currently experiencing the largest recorded MPB outbreak in
North America. As mentioned above, this outbreak is one order of magnitude greater than previous recorded outbreaks because of the increased area
of susceptible host trees and favourable climate (Safranyik and Wilson,
2006). By the end of 2011, the cumulative outbreak area was 181, 000 km2
(MFLNRO, 2012) with the effect ranging from single trees to total stands
(Westfall, 2007). Models suggest that with increasing MPB attacks, forests
in BC are being converted from a net sink to a net source of CO2 and
even with decreasing MPB attacks, returning to pre-outbreak levels could
take decades (Kurz et al., 2008). The maximum annual impact of the
MPB attack on the forest C balance in BC is suggested to be on the same
order as all of the direct forest fire emissions in Canada from 1959 to 1999
(Kurz et al., 2008). Therefore, the MPB is suggested to have a positive
feedback on the global climate system by increased CO2 emissions leading
to increased warming which results in more beetles surviving the winter
and also more beetle kill.
Climate change influences insect distribution and abundance, either
directly via effects on their life cycles or indirectly via host-plant defense, abundance of natural enemies or interactions with competitors
(Ayres and Lombardero, 2000). Higher temperatures during summer and
especially during winter as well as reduced precipitation in summer has led
to an expansion of outbreaks in areas further north and higher in elevation
than recorded before (Safranyik and Wilson, 2006; Williams and Liebhold,
2002; Logan and Powell, 2001).
In response to the MPB attacks, three different management strategies
have been used as described in Black et al. (2008):
• Clearcut harvesting: This strategy involves the complete removal of
the pine canopy and the secondary structure causing the MPB to lose
6

1.1. Background and state of knowledge
its host. However, this method may create concerns related to wildlife,
thermal and escape cover and watershed protection (McGregor et al.,
1987) and it has been shown by Brown et al. (2012a) that clearcut sites
take much longer to return to be C sinks compared to unharvested
attacked sites.
• Partial harvesting: It involves selective removal of MPB-affected trees
with varying degrees of secondary structure retention. Only affected
trees or trees with a certain diameter are removed, while the remaining
trees and secondary structure are left as undisturbed as possible. The
main goal of this strategy is to remove the MPB’s host and improve
ventilation within the canopy (McGregor et al., 1987). The increased
ventilation and higher light transmission through the canopy may increase the photosynthesis rates of the living vegetation. Partial cutting
offers the potential for reducing stand susceptibility to MPB and is also
compatible with management of other resources as well. Mathys et al.
(2013) found that an MPB affected stand returned to being a growing
season C sink two years after MPB infestation and partial harvesting.
• No treatment: This is a completely non-invasive strategy where no
trees are removed and the secondary structure can grow undisturbed
in a mostly dead stand. This is the management strategy applied in
the forest stand that was studied in this dissertation. Brown et al.
(2012a) have shown that unharvested stands can return to C sinks
much faster than clearcut sites.
Selection of an appropriate response must balance the concern for potential future economic viability of components of the secondary structure,
the desire to preserve habitat and ecosystem biodiversity, and the need to
minimize the disturbance of local and regional energy, carbon and water
balances.

1.1.3

Energy balance in canopies

Forest canopies gain their energy from intercepted short and longwave radiation and their radiation budget can be expressed as
(Monteith and Unsworth, 2008):
Q∗ = Sin − Sout + Lin − Lout ,

(1.1)

where Q∗ is the net radiation, Sin and Sout are the incoming and outgoing shortwave radiation and Lin and Lout are the incoming and outgoing
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longwave radiation, respectively. This energy then causes air, tree or soil
temperatures to change (i.e., as stored sensible heat), is stored as latent heat
by transformation of H2 O between its states or is stored as chemical energy
through photosynthesis. The energy that is not stored is transported as turbulent or advective sensible or latent heat fluxes in and out of the canopy.
Under ideal conditions (homogeneous stand, flat terrain, daytime) the advective fluxes can be assumed to be negligible (Aubinet et al., 2012) and the
energy balance can be written as (Baldocchi et al., 2000):
Q∗ = QH + QE + QG + QS ,

(1.2)

where QH is the sensible heat flux, QE is the latent heat flux, QG is the soil
heat flux and QS is the rate of change of energy storage. These fluxes give
not only information about the transport of energy but also about the availability of energy. This energy could be used in C exchange processes; e.g.,
when QG is high, there is a large amount of energy stored in the soil (resulting in increased soil temperature) which may not only enhance plant growth
through increased photosynthesis, but also ecosystem respiration. The vertical distribution of energy balance partitioning in the canopy are affected
by stand density and canopy architecture or structure (leaf distribution and
orientation, clumping), radiation extinction coefficient (i.e., how direct and
diffuse radiation are transmitted down through the canopy), water availability and photosynthetic activity. In closed-canopy forests, a substantial
fraction of the irradiance is intercepted in upper parts of the canopy and less
radiation reaches the ground during daytime than in open-canopy forests.

1.1.4

Turbulent exchange in and above canopies

The wind profile in a canopy layer, or roughness sublayer (Raupach et al.,
1991), differs substantially from the typical profile in a boundary layer.
The main difference between flow in and above a canopy and flow in a
boundary layer is that momentum is absorbed from the air stream through
aerodynamic drag on the foliage over an extended vertical region rather
than at the surface plane (Finnigan, 2000). In addition to skin (viscous)
drag, there is also form (pressure) drag in a canopy. Form drag is caused
by pressure differences between front and back of canopy elements1 .
Therefore it has been proposed that the canopy sublayer is more similar to
a plane mixing layer (Raupach, 1989a; Raupach et al., 1996). The plane
mixing layer is usually formed when two airstreams of different velocities
1

AMS Glossary, http://glossary.ametsoc.org/wiki/Form drag
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merge downstream in a wind tunnel. It is characterized by an inflected
mean velocity profile, which is known to be inviscidly unstable to small
perturbations (Drazin and Reid, 1981).
Similar to the plane mixing layer, the mean wind velocity within the
canopy increases roughly exponentially with height with a characteristic
inflection point instability at the upper limit of the canopy (Fig 1.1a) where
the shear is maximal (Finnigan, 2000). This inflected profile in the canopy
is largely caused by the drag on the foliage. However, above the roughness
sublayer the typical logarithmic profile of a boundary layer can be found.
In addition to the mean wind profile, the energy and momentum fluxes
(Fig 1.1b) also differ from the boundary layer since they decrease rapidly
with depth inside the canopy. Another major difference, as Finnigan (2000)
stated, is that especially large coherent structures control the turbulence
dynamics. These have been shown to be responsible for a large fraction
of mass, momentum and energy transport across the canopy-atmosphere
interface (e.g., Gao et al., 1989; Katul et al., 1998; Finnigan and Shaw,
2000; Thomas and Foken, 2007). These large eddies can be seen as a
result of the inviscid instability of the inflected mean wind profile. They
typically consist of a pair of counter-rotating stream-wise vortices where
the downdraft between the vortex pair generates a sweep. Analyses with
the quadrant-hole technique has shown that sweeps rather than ejections
dominate the eddy fluxes within the canopy (Finnigan, 2000). The larger
eddies and much of the turbulent kinetic energy (TKE) are produced above
the canopy and are transported down into the canopy sublayer by sweeps.
The geometric features and formation mechanisms of these coherent
structures are a function of canopy vegetation density (Novak et al., 2000;
Poggi et al., 2004a; Dupont and Brunet, 2008).
These coherent structures are also one reason why Monin-Obukhov
similarity (MOS) theory is questonable within the canopy. MOS theory
is a relationship describing the vertical behavior of nondimensionalized
mean flow and turbulence properties within the atmospheric surface layer2 .
Gradient diffusion theory (K-theory) is based on MOS theory and works
well above the roughness sublayer, i.e., in the inertial sublayer. It assumes
that turbulent fluxes of a scalar are directed down the local gradient of that
2

AMS glossary: http://glossary.ametsoc.org/wiki/Monin-obukhov similarity theory,
29 December 2013
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Eucalypt, LAI=1.0 (Denmead and Bradley, 1987)
Pine, LAI = 2.0 (Amiro, 1990)

Pine, LAI = 4.0 (Raupach et al., 1996)

Aspen, LAI = 4.0 (Amiro, 1990)

Spruce, LAI = 10.0 (Amiro, 1990)

Pine, LAI = 1.4 (Christen et al., 2008)
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Figure 1.1: Normalized wind speed (a) and momentum flux (b) reported
from different measurement studies in forest canopies under mainly neutral
or unstable conditions. The wind profile shows a typical inflection point at
the top of the canopy. The momentum flux decreases rapidly with depth
into the canopy and stays approximately constant above. Details about the
studies are given in Table 4.2 in Chapter 4. LAI is the leaf area index.
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scalar’s concentration, analogous to molecular diffusion3 . Several studies
have shown that, at least in relatively dense canopies, counter-gradient
fluxes can occur (e.g., Denmead and Bradley, 1987), which contradicts
K-theory and therefore also MOS theory. However, it has also been debated
that K-theory might be applicable under limited conditions in some open
canopies, for example in crop canopies (Bache, 1986). According to Corrsin
(1974), K-theory can only be applied if the length scale of the transport
process is much smaller than the length required for significant changes in
the mean gradient.
Smaller eddies can also be found in the canopy. The drag on the
foliage is the cause for the wake mechanism that removes energy from
large eddies and passes it on to smaller scales. Additionally, waving
of the foliage is responsible for the splitting up of larger eddies into
smaller eddies. This result is known as the spectral short cut (Finnigan,
2000). Kolmogorov (1941) assumed that there are no processes adding or
subtracting TKE from eddies within the inertial subrange so that energy
is only transferred between wave numbers following the eddy cascade.
Furthermore, he assumed that the inertial subrange is sufficiently distant
from the anisotropic energy-containing eddies. However, these assumptions
are not always true within a canopy. The aformentioned mechanisms may
lead to a second peak in the energy spectrum or to a deformation of the
typical -5/3 slope of the inertial subrange (Baldocchi and Meyers, 1988a).
These eddy characteristics are valid in homogeneous and sufficiently
dense canopies. For cases with a low vegetation density, turbulence appears
to resemble a rough-wall boundary layer [e.g. Poggi et al. (2004a)]. The
transition from resembling a rough-wall boundary layer to being more
similar to a mixing layer seems to depend on canopy density (Huang et al.,
2009).
To convert between temporal resolution and spatial resolution, it
has to be assumed that Taylor’s hypothesis can be used. However, this
assumption cannot always be made in highly turbulent canopy flows
(Kaimal and Finnigan, 1994). Another problem is that turbulent transport
by horizontal advection is often neglected and it is assumed that exchanges
are only in the vertical dimension. This assumption might be reasonable
3

AMS glossary: http://glossary.ametsoc.org/wiki/Gradient transport theory, 29 December 2013
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during the day over a flat terrain, but at night, it often leads to an
underestimation of fluxes (Baldocchi, 2003).
An MPB attack may also have an impact on the turbulence characteristics and the wind profile within a canopy. As a consequence of MPB
outbreaks, affected stands change structure and decrease in density. First,
the outbreaks result in a loss of needles and smaller branches, making the
trees simpler in structure. This may lead to a reduction in roughness and
waving. Over time, stand density decreases, either because of the natural
falling and decomposition of affected trees or because of the active removal
of trees due to one of the invasive management strategies. The particular
management strategy chosen influences the time scale of this thinning effect.
The degree of thinning is dependent on the existence of secondary structure
and growth conditions in the particular forest and region. This effect again
influences the effectiveness of scalar transport and hence the stand microclimate as a main driver for regeneration and secondary structure growth.

1.1.5

Eddy-covariance technique

The main measurement technique used in this dissertation is the eddycovariance (EC) technique and is therefore described here in more detail.
It is a statistical method used in micrometeorology and related fields
and is possibly one of the most commonly used approaches to determine
momentum, sensible heat, water vapour and atmospheric gas (e.g., CO2 )
fluxes. It is based on the analysis of high-frequency wind and scalar time
series.
As early as the 19th century, Sir Osborne Reynolds developed the
underlying theory of the EC technique (Reynolds, 1895). Even though
some applications were made in the 1950s, the lack of adequate equipment postponed the establishment of the EC technique until the 1980s
(Baldocchi, 2003). Since the early 1990s (Wofsy et al., 1993) it has been
used for year-round long-term monitoring above canopies.
The EC technique measures the velocities of upward and downward moving eddies and also measures fluctuations in the concentrations of scalars
(e.g., CO2 ) (Baldocchi, 2003). The mean flux density is the rate at which
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any physical quantity is transported across a plane of unit area4 and can
be calculated by determining the covariance between fluctuations of vertical
wind velocity (w′ ) and the mixing ratio of a constituent (m′s ) (Baldocchi,
2003):
F = ρa w′ m′s ,
(1.3)
where ρa is the dry air density, the overbar denotes the mean of a quantity
and the prime indicates the deviation of this mean.
The measurements at one height represent the vertically integrated
flux for a so-called ‘footprint’, which is the surface area that contributes
to the measured flux (Fig. 1.2). The dimensions and orientation of the
flux footprint depend on the height of the measurement, surface roughness
length, wind speed and direction as well as atmospheric stability (Schmid,
2002). Different approaches exist to analytically assess the dimensions of
the footprint in the surface layer (e.g. Schuepp et al., 1990; Horst and Weil,
1994; Kormann and Meixner, 2001; Schmid, 2002), but the analysis of the
footprint within a forest canopy is very challenging.
The typical equipment used for this technique includes high frequency
sonic anemometers and, depending on the flux of interest, additional
instruments such as high frequency open-path or closed-path infrared gas
analyzers (Fig. 1.3) and thermocouples. This equipment is responsible
for measuring three-dimensional wind, temperature, and mixing ratios of
different gases.
Measurement frequencies between 1 Hz and 20 Hz have been established
in the past. The choice of an appropriate frequency has to be done with
care and by considering the covariance spectrum (Finnigan et al., 2003).
Too high of a frequency may lead to challenges during the recording of the
data, whereas too low of a frequency can be responsible for flux losses and
aliasing effects.
The averaging time period is also a crucial factor. Typical periods are on
the order of anywhere from minutes to a few hours. Finnigan et al. (2003)
indicated that averaging times much longer than 15 minutes are necessary
to capture all eddy sizes involved. At the same time, Kidston et al. (2010)
have shown that in their studies longer time periods did not improve the
4
AMS glossary,
http://amsglossary.allenpress.com/glossary/search?id=flux-density1, 29 December 2013
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Figure 1.2: Side view (a) and plan view (b) of the footprint [modified with
permission after Oke et al. (in prep.)].
Ultrasonic anemometer

IRGA

Thermocouple

Figure 1.3: Photograph of an EC system showing an ultrasonic anemometer
CSAT3, an open-path gas infrared analyzer (IRGA) LI-7500 and a thermocouple (photograph taken by Andreas Christen).
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results, but rather led to concerns about the assumption of stationarity
for such long time periods. This is a prerequisite for the Reynolds
decomposition to be applied.
The EC technique is a well established technique to measure eddy fluxes
above a forest but less often used within the canopy space. In the following
chapters, the appropriateness of EC measurements within the canopy are
addressed.
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Chapter 2

Vertical distribution of
radiation and energy balance
partitioning
2.1

Introduction

The native habitat of the mountain pine beetle (MPB, Dendroctonus
ponderosae) is in the western part of North America. Large outbreaks are
common events in the area but the current outbreak in British Columbia
(BC), Canada, which started in the late 1990s, is the largest ever registered
in North America (Safranyik and Wilson, 2006). By 2011, 710 million
m3 of merchantable pine volume (Walton, 2012) in a total outbreak area
of 181, 000 km2 (MFLNRO, 2012) had been killed since the start of this
outbreak. Management responses to the outbreak of MPB range from
completely non-invasive treatment to partial harvesting of only affected
trees and complete removal of the affected stand (clearcut harvesting).
Alterations of the forests due to MPB infestation and management
may have a major impact on the microclimate within these forests and
consequently affect the growth conditions of living secondary structure,
which comprises seedlings, saplings and sub-canopy trees. (Maness et al.,
2012) found based on remote sensing data that the MPB was responsible
for a substantial decrease in evapotranspiration rates and a significant
increase in radiative and sensible heat fluxes corresponding to a 1 ◦ C
surface temperature increase.
It is expected that insect attacks turn forests from carbon sinks
(gross primary productivity GPP > ecosystem respiration Re ) to carbon
sources (GPP < Re ) (Kurz et al., 2008). Partial harvesting (i.e., selective
removal of MPB-affected trees with varying degrees of secondary structure
retention) and non-invasive strategies (i.e., where secondary structure can
grow undisturbed in a decaying stand) will likely not prevent Re from
16
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becoming larger, but will retain some of the GPP due to secondary structure
in comparison to clearcut harvesting. Studies have shown that there is a
potential for partial harvesting and non-invasive strategies to improve CO2
uptake (Kurz et al., 2008; Edburg et al., 2011; Brown et al., 2012a) and
harvest yields (Nishio, 2009). These partially harvested and non-invasively
managed forests are of a particular interest since Coates et al. (2006) have
shown that 20-30 % of MPB stands in central and northern BC have
sufficient secondary structure to expect a midterm harvest even if simply
left unharvested, and approximately 40-50 % could be restocked without
further silvicultural intervention. In this study a non-invasively managed
forest was studied. The study was part of a project aimed at assessing the
impact of different forest management strategies following MPB outbreaks
on carbon exchange, water balance and microclimate.
In order to predict the future microclimate and growth conditions
in attacked stands where dead trees are not removed, it is necessary to
understand how radiative and turbulent energy fluxes vary with height
in the canopy. The objectives therefore are, (i) to determine the vertical
distribution of net radiation within an MPB-attacked forest canopy, (ii)
to quantify the vertical differences in the energy balance partitioning and
energy balance closure, and (iii) to determine the vertical distribution of
sources and sinks of sensible and latent heat.
Turbulent fluxes are typically investigated using the eddy-covariance
(EC) technique (Baldocchi, 2003). Since counter-gradient fluxes can occur
within forest canopies and similarity theory is not applicable within the
canopy (Denmead and Bradley, 1985; Raupach, 1988; Finnigan, 2000),
flux-gradient approaches were not used in this chapter. However, when
using the EC technique in the canopy with the usual one-dimensional
approach, advection and dispersive fluxes are neglected. Studies have
shown that in sparse canopies dispersive fluxes can become significant
(Poggi et al., 2004b; Poggi and Katul, 2008) and that their effect is
larger in the lower canopy than at the top of the canopy (Bohm et al.,
2000). Aubinet et al. (2012) summarizes the typical problems with EC
measurements at night, including significant advection under low turbulence
conditions and non-stationarity.
In the past 20 years there have been many studies involving the measurements of fluxes within or below a forest canopy (e.g., Amiro, 1990b;
Lee and Black, 1993a,b; Baldocchi and Vogel, 1996; Blanken et al., 1997;
17
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Saugier et al., 1997; Wilson et al., 2000; Roupsard et al., 2006; Jarosz et al.,
2008; Zhang et al., 2010; Staudt et al., 2011). In this study the vertical
changes in energy balance partitioning within and above a canopy and related energy flux sources and sinks to vegetation layers were assessed. The
reduced stand density due to the MPB attack provided a unique opportunity
to study microclimate and turbulent transport in a sparse canopy.

2.2

Methodology

2.2.1

Conceptual framework

Due to the horizontal homogeneity of the stand (see Sect. 2.2.2), a onedimensional approach was used (Aubinet et al., 2012); a level was defined
as a measurement height, while a layer was defined as a stratum between two
levels (see Fig. 2.1). For the lowest layer, the stratum was confined by the
ground and the lowest measurement level. The layer midpoint heights given
in Fig. 2.1 were defined as the centre points between two adjacent levels.
The energy balance for levels was expressed as a flux density (W m−2 ) and
for layers as a flux-density divergence (W m−3 ).
Energy balance at the levels
The energy balance can be calculated at any level, as is commonly done for
whole-canopy volumes. The energy balance of the volume between the level
(zm ) and the soil surface can be expressed as:
0 = Q∗ + QH + QE + QG + QS ,

(2.1)

where Q∗ is the net radiation-flux density, QH is the sensible heat-flux density, QE is the latent heat-flux density, QG is the soil heat-flux density and
QS is the rate of change of energy storage in the volume between the ground
surface (z = 0) and the level (zm ) per unit ground area. The storage term
(Eq. 2.2) includes the rate of change of sensible heat in the air (∆QS,H ),
the rate of change of latent heat in the air (∆QS,E ), the rate of change of
sensible heat in the tree boles (∆QS,B ) and the energy storage change due
to CO2 assimilation and respiration (∆QS,C ),

QS =

Z

zm

∆QS,H dz +
0

Z

zm

∆QS,E dz +
0

Z

0

zm

∆QS,B dz +

Z

zm

∆QS,C dz.
0

(2.2)
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Figure 2.1: Schematic of levels and layers. A level is a measurement height,
while a layer is a stratum between two measurement heights. Level, layer
midpoint and canopy heights as well as stand structure [understory (0 − 1
m), secondary structure (1 − 8 m) and overstory (8 − 20 m)] height are
indicated.
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Equation 2.1 assumes horizontal homogeneity and that horizontal
mean advection and horizontal turbulent flux density-divergence (∂Q/∂x)
are negligible. It also assumes no mean vertical wind (w = 0). These
assumptions are likely met in this stand based on the homogeneity of the
stand structure and flat topography (see Sect. 2.3.1 below).
The terms Q∗ and QG were measured with net radiometers and soil
heat-flux plates, respectively, and QH and QE with EC systems and
calculated with Eqs. 2.12 and 2.13, respectively. In this chapter, the same
sign convention as Rosenberg et al. (1983) was used, where a positive sign
denotes an input into the control volume and a negative sign denotes an
output from the control volume. This implies that during daytime Q∗ is
typically positive, while QH , QE and QG are typically negative. At night,
the opposite is usually the case. The storage terms were determined by
integrating over all layers between the ground and the given measurement
height zm (Eq. 2.2). A negative value of a storage term indicates that
energy is stored below the level (i.e., a sink; typical daytime situation)
and a positive storage term implies that energy is released (i.e., a source;
typical nighttime situation). This sign convention was used to ensure a
consistent handling of energy fluxes because all terms that are positive
define an energy source and those that are negative define an energy sink
for the volume under consideration.
The residual was calculated half-hourly as the contribution that cannot
be explained by the sum of Q∗ , QH , QE , QS and QG :
Residual = Q∗ + QH + QE + QG + QS ,

(2.3)

and it is the energy-flux density required to balance the energy input, output and storage change. Energy balance closure (EBC, in %) is defined as
(Wilson et al., 2002; Barr et al., 2006):
EBC = −

QH + QE
.
Q∗ + QG + QS

(2.4)

Energy balance of the layers
In order to determine the sources and sinks of the energy in the forest canopy
the energy balance of the layers needs to be defined. It is assumed that the
horizontally homogeneous structure of the forest permits a one-dimensional
treatment (i.e., no horizontal advection and no horizontal turbulent flux
divergence). The energy balance of a layer can be expressed as:
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0 =

∂QE
∂QG
∂Q∗ ∂QH
+
+
+
∂z
∂z
∂z
∂z
+∆QS,H + ∆QS,E + ∆QS,B + ∆QS,C ,

(2.5)

where the first four terms on the right-hand side are the vertical (z
increasing upward) flux-density divergences for Q∗ , QH , QE and QG . They
were calculated as the difference between the fluxes measured at adjacent
levels divided by layer thickness. In the case of ∂QG /∂z, it is zero for
all layers except the lowest one in which case it is QG /(1.2 m); ∂Q∗ /∂z,
∂QH /∂z and ∂QE /∂z for the lowest layer are calculated as the measured
flux at the 1.2-m level divided by ∆z =1.2 m, i.e., Q∗ , QH and QE were
assumed to be zero just below the soil surface. These three divergences
combine the flux divergence for the layer and the flux at the soil surface.
To be consistent with the sign convention used above, a positive number
for all terms in Eq. 2.5 implies that the layer is an energy sink (i.e., the
layer gains energy) and a negative number that it is an energy source (i.e.,
the layer loses energy).
The last four terms in Eq. 5 are the rates of change of sensible and latent
heat in the air, the sensible heat and biochemical energy in the biomass,
respectively. They were calculated as follows:
• sensible heat storage change in the layer due to air temperature (Ta in
K) change in the air volume:
∆QS,H = −(1 − θtree )Ca

∂Ta
,
∂t

(2.6)

where θtree denotes the volumetric fraction occupied by trees
(m3 m−3 ), Ca is the heat capacity of air (J m−3 K−1 ) and t is time
(s);
• latent heat storage change in the layer due to water vapour density
(ρq in kg m−3 ) change in the air in the tree-free volume:
∆QS,E = −(1 − θtree )λ

∂ρq
,
∂t

(2.7)

where λ is the latent heat of vaporization (J kg−1 );
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• sensible heat storage change in the layer due to bole temperature (TB )
change:
∂TB
,
(2.8)
∆QS,B = −θtree Cw
∂t
where Cw is the volumetric heat capacity of wood [approximate heat
capacity of solid wood at 20 ◦ C and 10 % moisture content: 1.5
MJ m−3 K−1 , USDA (2007)];
• energy storage change in the layer due to CO2 assimilation and respiration only including the air volume:


∂FC
∂ρc
∆QS,C =
+ (1 − θtree )
Φa ,
(2.9)
∂z
∂t
where ρc is the CO2 density in the air (kg m−3 ) and Φa is the heat
of CO2 assimilation [1.17 × 107 J kg−1 , Oke (1988)]. The first term is
the vertical CO2 flux (FC , see Eq. 3.1) divergence (kg m−3 s−1 ) and
the second term is the CO2 concentration change over time in the air
(kg m−3 s−1 ). When FC is positive it is an upward flux and when it is
negative it is a downward flux. During the process of photosynthesis
energy is stored, while it is released during respiration. For the lowest
layer, an average constant soil respiration (1.2 µmol m−2 s−1 ) was used
for FC at the lower boundary. Due to low soil moisture, soil respiration
was approximately constant during the field campaign.
The overbar in the equations represents a 30-min average. When
calculating θtree an estimated average tree diameter dt (m) and an
estimated average stand density ρstand (stems m−2 ) in each layer was
used: θtree = π(d/2)2 ρstand . ρc , ρq and Ta for the layers in the storage
equations were calculated by averaging the concentration and temperature,
respectively, for the levels at the top and bottom of the layer. For the
lowest layer, the concentrations and temperatures at only the upper level
were used. The temperature and concentration changes for each 30-min
period were defined by the change in average temperature or concentration,
respectively between the 30-min period before and after the 30-min period
concerned.
In theory an additional factor accounting for the air volume change with
height between levels due to different volumes taken up by the solid canopy
elements (boles, branches and needles) would need to be included in the
equations of flux divergence. The air volume change with height in a forest,
however, is small (Raupach and Shaw, 1982) and is neglected here.
22

2.2. Methodology

2.2.2

Field campaign

Measurement site

Figure 2.2: Photograph of the mountain-pine-beetle-attacked stand adjacent
to the Crooked River Regional Park. This photograph was taken on 12 July
2010 from the top of the measurement tower (30 m) in a south-west direction.
An extensive field campaign was conducted in July and August
2010 in an MPB-attacked lodgepole pine (Pinus contorta var. latifolia)
stand (Fig. 2.2) adjacent to Crooked River Provincial Park (MPB-03:
54◦ 28′ 24.8′′ N, 122◦ 42′ 48.4′′ W), 70 km north of Prince George in interior
British Columbia, Canada. The stand is about 1.5 km × 1.5 km in size and
is located at 710 m a.s.l. within the sub-boreal spruce sub-zone (SBSmk1,
Meidinger and Pojar (1991)). It is characterized by a flat terrain (< 0.5 ◦
slope) and a homogeneous fetch > 0.4 km in all directions around the
observation tower.
The stand was first attacked by MPB in 2003, and experienced almost
100 % mortality of the mature lodgepole pine trees by 2007. In 2010, the
stand had an approximate height (h) of 20 m, a leaf area index (LAI) of
0.55 m2 m−2 and a stand density (ρstand ) of approximately 2520 stems
ha−1 (see Table 2.3, understory shrubs not included). There were no LAI
measurements from before the MPB attack available. However, four years
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after the attack (2007) LAI was substantially higher (LAI = 0.9 m2 m−2 ,
Brown et al. (2010)) than in 2010.
The stand had a relatively well-developed secondary structure comprising sub-canopy lodgepole pine, subalpine fir (Albies lasiocarpa), hybrid
spruce (Picea glauca × engelmannii ) and a few Douglas fir (Pseudotsuga
menziesii var. glauca) trees and saplings. The secondary structure reached
a height of up to 12 m, but was most abundant in the lowest 8 m of the
stand. The nutrient-poor, coarse-textured and well-drained gravelly soil of
glacio-fluvial origin was almost completely covered with mosses, lichens,
broadleaf shrubs and herbaceous species. The most dominant species
in the understory were Vaccinium species, ground cedar (Lycopodium
complanatum) and kinnikinnick (Arctostraphylos uva-ursi ). More detailed
information about the stand characteristics can be found in Brown et al.
(2010) and Bowler et al. (2012). Photographs of the measurement site and
the instrumentation are shown in Appendix A.
Instrumentation
The measurements were made on a scaffold tower (2.1 m long, 1.5 m wide
and 32 m tall), on a roving tripod (1 m tall) and in the ground. An array of
seven EC systems was installed on the tower above and within the canopy
at heights from 1.2 to 26.8 m (see Fig. 2.1), including a long-term EC
system, which measures above-canopy fluxes through the year. All systems
faced westward and consisted of one ultra-sonic anemometer (CSAT3,
Campbell Scientific Inc. (CSI), Logan, Utah) measuring three-dimensional
wind (u, v, w) and acoustic temperature (Tac ), one open-path infrared gas
analyzer (IRGA, LI-7500, LI-COR Inc., Lincoln, Nebraska) measuring water
vapour (H2 O) and carbon dioxide (CO2 ) molar densities and atmospheric
pressure (p), and one fast-response fine wire (25.4 µm) chromel-constantan
thermocouple measuring air temperature (Tc ). All EC data at the highest
measurement level (26 m) were recorded with a frequency of 5 Hz and all
others with a frequency of 10 Hz on two synchronized CR-3000 (CSI) data
loggers.
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Level

7

6

4

3

2

1

25
a

Table 2.1: Instrumentation installed on the scaffold tower

Normalized
height a

Model
No.

Manufacturer

1.53
1.34
1.34
1.34
1.05
1.05
1.05
0.83
0.83
0.83
0.83
0.60
0.60
0.60
0.60
0.38
0.38
0.38
0.38
0.14
0.14
0.14
0.14
0.06
0.06
0.06
0.06

CNR-1
CSAT3
LI-7500

K&Z
CS
LI-COR
custom made
CS
LI-COR
custom made
CS
LI-COR
custom made
K&Z
CS
LI-COR
custom made
K&Z
CS
LI-COR
custom made
K&Z
CS
LI-COR
custom made
K&Z
CS
LI-COR
custom made
CS

CSAT3
LI-7500
CSAT3
LI-7500
NR Lite
CSAT3
LI-7500
NR Lite
CSAT3
LI-7500
NR Lite
CSAT3
LI-7500
NR Lite
CSAT3
LI-7500
CNR-1

Measurement height is normalized to canopy height h = 20 m.
Values averaged over output period.
c
This system was mounted on the roving tripod.
b

Instrument

Net radiometer
Ultra sonic anemometer
IRGA
Thermocouple
Ultra sonic anemometer
IRGA
Thermocouple
Ultra sonic anemometer
IRGA
Thermocouple
Net radiometer
Ultra sonic anemometer
IRGA
Thermocouple
Net radiometer
Ultra sonic anemometer
IRGA
Thermocouple
Net radiometer
Ultra sonic anemometer
IRGA
Thermocouple
Net radiometer
Ultra sonic anemometer
IRGA
Thermocouple
Net radiometer

Measurement
frequency
(Hz)
0.5
60
5
5
60
10
10
60
10
10
0.2
60
10
10
0.2
60
10
10
0.2
60
10
10
0.2
60
10
10
0.2

Output
frequency
1/30 min
5 Hz
5 Hz
5 Hz
10 Hz
10 Hz
10 Hz
10 Hz
10 Hz
10 Hz
1/min
10 Hz
10 Hz
10 Hz
1/min
10 Hz
10 Hz
10 Hz
1/min
10 Hz
10 Hz
10 Hz
1/min
10 Hz
10 Hz
10 Hz
1/min

b
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5

Measurement
height
(m)
30.5
26.8
26.8
26.8
21.0
21.0
21.0
16.5
16.5
16.5
16.5
11.9
11.9
11.9
11.9
7.6
7.6
7.6
7.6
2.7
2.7
2.7
2.7
1.2
1.2
1.2
1.2 c

Output
frequency
(min−1 )
1
1
1

2.2. Methodology

Table 2.2: Instrumentation installed in the ground.
Instrument
Model
Manufacturer
No. of Depth Measurement
No.
sensors
frequency
(mm)
(Hz)
Heat-flux plate
CN3
Middleton Solar
3
50
0.2
Thermocouple
Fabricated in the lab
3
25
0.2
Water content reflectometer CS-616 Campbell Scientific
3
100
0.2
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Net radiation at the 2.7-m, 7.6-m, 11.9-m and 16.5-m heights was
measured with NRLite net radiometers (Kipp & Zonen B.V., Delft, The
Netherlands (K&Z)) and was recorded on a CR23X (CSI) data logger.
For measurement frequency and output frequency see Table 2.1. Near
the top of the scaffold tower (30.5 m) and on the roving tripod (1.2-m
height) incoming and outgoing shortwave and longwave radiation fluxes
were measured with two CNR-1 four-component net radiometers (K&Z)
and net radiation was calculated from the four individually measured
component fluxes. Even though the stand was relatively homogeneous and
overall had an open structure, there was a small variability in stand density
(see Sect. 2.3.1 below). Therefore the roving tripod was moved to three
different locations with differing stand density (see Fig. 2.3 and Table
2.5; position 1: 16 m south of tower (seven days, considered an area that
is more open than the average stand), position 2: 34 m west-south-west
of tower (10 days, moderate) and position 3: 50 m west-north-west of
tower (six days, relatively dense)) during the field campaign to improve
the representativeness of the measurements at this level. Moving the net
radiometer horizontally at the other levels was not feasible and they were
fixed for the entire campaign. The radiometer measurements on the tripod
were recorded on a CR1000 (CSI) data logger. All booms supporting the
radiometers faced south of the tower. The measurement height, instruments
and measurement frequencies of each level on the tower can be found in
Table 2.1.
Additional to the vertical radiometer array, shortwave irradiance was
measured at nine locations on the ground using five CM5 pyranometers
(K&Z) and four precision spectral pyranometers (PSP, Eppley Laboratories,
Newport, Rhode Island, USA). Measurements were taken simultaneously
in three areas of the stand with differing vegetation density [P1 (A, B,
C): open, P2 (A, B, C): moderate, P3 (A, B, C): dense]. In each of the
three areas, three of the nine pyranometers were located within a radius
of 9 m and measurements were recorded on three CR10X (CSI) data loggers.
Soil temperature (three copper-constantan thermocouples at the 25-mm
depth), soil heat flux (three CN3 heat-flux plates, Middleton Solar, Victoria,
Australia at 50 mm depth) and volumetric soil water content (three CS-616
water content reflectometer, CSI, at 100 mm depth) were measured in
three plots [P1, P2 and P3; recorded on three CR10X (CSI) data loggers].
At each plot one sensor for each variable (soil temperature, soil heat flux,
soil moisture) was inserted into the ground. All soil measurements are
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summarized in Table 2.2.
Five chromel-constantan thermocouples were installed along a crosssection from south to north just below the bark, at 1/4 diameter and half
diameter. The thermocouples were installed in a representative dead pine
tree at breast height (diameter at breast height (DBH) = 0.15 m), in a
representative living sub-alpine fir at breast height (DBH = 0.14 m) and at
the base (z = 0.1 m) of the same tree. For each thermocouple a small hole
was drilled into the tree to the required depth and sealed with silicon after
the thermocouple was placed in the right position. These thermocouples
were recorded on the CR23X data logger. Based on the temperature
measurements at the same depth (Ti,n for temperature of a certain ring i
on the north side, and Ti,s for temperature of the same ring on the south
side, e.g. 1/4 diameter depth at the north and south sides of the tree),
the average temperature for a ring at this depth was calculated. This
temperature was weighted by the area of the ring to which the temperature
2 − r 2 ), where r
corresponded (π (ri,1
i,1 and ri,2 are the inner and outer radii
i,2
of the corresponding ring, respectively). The average bole temperature
(TB ) at the given height was then computed by adding the weighted ring
temperatures and dividing them by the total stem cross-sectional area.
Soil respiration was measured at 18 locations, where soil collars (collar
diameter = 107 mm) were installed distributed throughout the stand.
For these measurements a portable chamber system including an LI-800
closed-path IRGA (LI-COR Inc.) and an opaque chamber (chamber
volume = 0.00162 m3 ) were used. Measurements were taken on nine days
at different times of the day (from early morning to the evening, a total
of 135 measurements). The flux was calculated from the rate of change of
CO2 concentration measured in the chamber.
Leaf area index was measured during the field campaign for the canopy
above the 1.2-m height along a 100-m east-west transect (one measurement
every 10 m) representative of the stand using a plant canopy analyzer
LAI-2000, LI-COR Inc. Additional LAI measurements were also derived
from airborne light detection and ranging (LiDAR) measurements from
2007. LAI data were based on cumulative foliage profiles, which were
determined according to Coops et al. (2007).
Hemispherical photographs were taken at each of the ground pyranometer locations and at the three tripod positions using a Coolpix E4300
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camera (Nikon Inc., Melville, New York, USA) with a fisheye lens (FC-E8,
Nikon Inc.) during the 2010 field campaign. A hemispherical photograph
taken in 2007 with the same camera set-up below the measurement tower
was also available. The hemispherical photographs were processed using
digital imaging techniques to separate pixels representing the sky vs. pixels
representing the ground or trees. A relative canopy coverage was defined
as the number of ground and tree pixels relative to all pixels within the
hemisphere. Hence it is a relative measure of the fractional coverage of
canopy structure that is blocking the sky at the given location.
Average stand density (stems ha−1 ) and tree volume fraction (θtree ,
m−3 ) were estimated based on forest inventory assessments conducted
in 2006, when three ground plots (47 m north-east, 85 m south-west
and 70 m west of the tower) were established and measured following
Canada’s National Forest Inventory (NFI) ground-plot protocols (NFI,
2004). Vertical tree volume fraction profiles were calculated separately
for dead (θd ) and live trees (θl ). Since these NFI data were from 2006,
and the mortality rate of mature pine trees increased afterwards to almost
100 % (Bowler et al., 2012), it was assumed that all pine trees that
were taller than 11.9 m and alive in 2006, were dead by 2010. For each
layer, the number of trees ending in this layer, their average height and
their average DBH were determined (see Table 2.3). Ormerod’s taper
function (Ormerod, 1973) was used to determine the diameter at the top
and bottom heights and Smalian’s volume relation (Fonseca, 2005) was
used to calculate the tree volume for each layer to which an average tree
contributed. A tree contributed to a layer if it ended within or above
this layer. If the tree ended within the layer but below the top of the
layer, only the length of the bole part that was within the layer was
considered. θtree was then determined by multiplying the volume by the
stand density and dividing by the layer thickness and then summing over
the two tree classes (small: H > 1.3 m and DBH < 90 mm; large: H >
1.3 m and DBH > 90 mm). Seedlings, saplings and understory broadleaf
plants were not included in this calculation because of their very small volume. More details on how θtree was determined can be found in Appendix E.
m3
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Table 2.3: Stand density, average tree height (H) and average diameter at breast height (DBH) of trees that end
in each layer separated into dead and living, small and large trees. These numbers do not account for seedlings,
saplings and understory broadleaf plants.

2.7 - 7.6
7.6 - 11.9
11.9 - 16.5
16.5 - 21.0
21.0 - 26.8

Tree class
Small
Large
Small
Large
Large
Large
Large
Large

Dead
Stand density
H
(stems ha−1 ) (m)
260
1.7
7.5
2.6
60
4.5
25
7.1
82.5
10.6
167.5
14.2
175
18.5
7.5
21.5

DBH
(mm)
17
115
23
105
131
161
208
282

Live
Stand density
H
(stems ha−1 ) (m)
1260
1.9
0
n.a.
400
4.2
25
6.6
32.5
9.2
17.5
13.1
0
n.a.
0
n.a.

DBH
(mm)
12
n.a.
38
103
107
151
n.a.
n.a.
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Layer height
(m)
1.2 - 2.7
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Stand density and measured bole temperatures of dead and living trees
were used to calculate ∆QS,B accounting for different tree properties in
living and dead trees (i.e., modifying Eq. 2.8 as follows):
∆QS,B = −Cw



∂TB,l
∂TB,d
+ θl
θd
∂t
∂t



,

(2.10)

where TB,d and TB,l are bole temperatures of dead and live trees, respectively.

2.2.3

Quality control and data analysis

The time period used in this study was from 13 July 2010, 16:00 to 3 August
2010, 15:30 PST for which the complete system was continuously in operation. All times herein are given in Pacific Standard Time (PST = UTC 8 h). For the energy balance and radiation analysis all missing data were
interpolated linearly for maximum time spans of 2 h. If gaps were longer
than 2 h, they were not filled. A particular 30-min period was only accepted
for analysis if all variables at all levels were available after gap filling.
Instrument Calibration
Most instruments were calibrated shortly before or after the field campaign.
All radiometers were compared in a field comparison to standard sensors
(pyranometers and pyrgeometers) that were previously calibrated by
Environment Canada in 2008. Based on this comparison, new calibration
factors were derived and applied to the measurements. All IRGAs were
calibrated using a CO2 span gas (390 ppm CO2 in dry air) and pure
nitrogen (N2 ) as a zero gas following the procedure described in LI-COR
(2004). In a 3-week field intercomparison in June 2009, six of the sonic
anemometers (with the exception of the longterm unit at the 26.8-m
height) were mounted 2.5 m above a grass field (Liss et al., 2009). Over
the intercomparison period, the mean wind speed and air temperature were
2.4 m s−1 and 15.0 ◦ C, respectively. The standard deviation of the 30-min
differences in u , v , w and T (acoustic) between each anemometer and a
standard CSI CSAT sonic anemometer were approximately 0.05, 0.04 and
0.02 m s−1 and 0.07 K, respectively. No adjustment in the calibrations
of the sonic anemometer was made. The heat-flux plates together with a
reference heat-flux plate (HFT-3, CSI; always kept in the laboratory) were
placed in a soil heat-flux plate calibration box containing a 60-mm thick
dry sand layer and a 0.55 m × 0.55 m heater plate capable of generating
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100 W m−2 . All heat-flux plates were positioned parallel to the heater
plate and all 20 mm from the heater plate. Calibration coefficients were
derived from the regression between the three soil heat-flux plates and the
reference based on the cooling curves. More information on the calibration
of the heat flux plates can be found in Appendix C.

Turbulent flux calculations
As a threshold check, the standard deviation, skewness and excess kurtosis
of all turbulence data were examined to ensure their values were within a
realistic range (see Table 2.4). At least 98.5 % of the high-frequency data in
a 30-min interval had to be acceptable within these intervals to be used in
the analysis. Furthermore the data were iteratively despiked (Aubinet et al.,
2012). Data had to fulfill the following requirement to be accepted:
x − t x σx < x < x + t x σx ,

(2.11)

where x is the variable, x is the 30-min average of this variable, tx is the
threshold multiplier set for this variable and σx is the standard deviation
of the variable. tx = 6 for the horizontal wind components (u, v) and p, tx
= 8 for the vertical wind component (w), Tac and Tc and tx = 10 for the
molar water vapour (q) and molar CO2 density (c). The thresholds were
determined empirically to ensure that no realistic data were removed. The
despiking for each variable was repeated 10 times.
Wind measurements were filtered for flow distortion by the sonic
anemometer head. Flow distortion by the sensor head was assumed to be
severe when the wind direction was between 263 and 277◦ , which was informed by wind-tunnel tests of typical CSAT3 instruments (Christen et al.,
2001). Data for which the flow was from these directions were excluded
from the calculations of the statistics. In order to compensate for the
misalignment of sensors, a planar fit based on the full measurement period
was applied to all wind measurements following Foken (2008). In Appendix
B, the planar fit was compared to the single and the double rotation using
the data of this study. Both, the planar fit and the single rotation were
found to be appropriate in this stand, while the double rotation resulted in
some spikes but was generally comparable to the other two approaches.
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Variable

a

Not constrained.

Tc
(◦ C)
−20
40
−a
−2.5
2.5
−2
15

p
(Pa)
0
1100
−a
−a
−a
−a
−a
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Lower range, rl
Upper range, ru
Upper stddev, stdu
Lower skewness, skl
Upper skewness, sku
Lower kurtosis, kl
Upper kurtosis, ku

Table 2.4: Thresholds for threshold check of turbulence data.
u
v
w
Tac
q
c
(m s−1 ) (m s−1 ) (m s−1 ) (◦ C) (mmol m−3 ) (mmol m−3 )
−30
−30
−5
−20
100
12
30
30
5
40
1500
50
a
4
4
1.5
2
−
−a
−3
−3
−2
−2.5
−5
−5
3
3
2
2.5
5
5
−2
−2
−2
−2
−2
−2
5
5
15
15
15
15
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H2 O and CO2 densities were converted to instantaneous mass mixing
ratios mq = ρq /ρd (kg kg−1 ) and mc = ρc /ρd (kg kg−1 ), respectively, where
ρd is the density of dry air (kg m−3 ). For each half-hour, the covariances
obtained by 30-min block averaging, w′ Ta′ , w′ m′q and w′ m′c , were calculated. The overbar denotes half-hourly averaging and the primes indicate
fluctuations from the average. The acoustic temperature was used for air
temperature and no detrending was applied. The flux densities were then
calculated as follows:
QH = −Ca w′ Ta′ ,

(2.12)

QE = −λ ρd w′ m′q ,

(2.13)

FC = ρd w′ m′c ,

(2.14)

where QH and QE are in units of W m−2 and FC in kg CO2 s−1 m−2 .
The Schotanus correction (Schotanus et al., 1983) was applied to QH .
Since mixing ratios were used for the calculations of QE and FC instead
of densities, a density correction is not necessary (Webb et al., 1980). In
Appendix D the flux densities based on mixing ratios were compared to
flux densities based on H2 O and CO2 densities that were density corrected
following Webb et al. (1980). The two approaches showed generally good
agreement.
A spectral correction was applied to w′ m′q and w′ m′c to correct for sensor
separation similar to the experimental approach described in Aubinet et al.
′ , w ′ m′
(2012). The power spectra of w′ and u′ and cospectra of w′ Tac
q
′
′
and w mc (with 60 frequency bands) were determined for each 30-min period. Only 30-min periods that fulfilled the following criteria were included
′ | >
to eliminate time periods with very little turbulent transport: |w′ Tac
−1
−2
−1
′
′
0.04 K m s
(approximately 50 W m ), |w q | > 0.2 mmol m s
and
−1
′
′
|w c | > 0.003 mmol m s . The lower frequency limit of the inertial subrange (fa ) was determined visually in the median power spectra of u and w
as the point where the spectra start to show two parallel lines with straight
slopes (on a log-log diagram) and fa was determined to be 0.03 Hz. Furthermore the highest frequency in the inertial subrange that was not affected
by sensor separation was determined visually and termed the highest unaffected frequency (fb ), which was determined to be 0.25 Hz. The cospectrum
′ (C ) was used as a reference since both w and T
of w′ Tac
wa
ac were measured
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by the same instrument and therefore the covariance was not affected by
sensor separation. The integral intensity in the unaffected inertial subrange
was used to calculate a normalization factor for each cospectrum,
Nx =

Z

fb

Z

fb

Cwx (f )df,

(2.15)

Cwa (f )df.

(2.16)

fa

Na =

fa

Nx is the normalization factor for the cospectrum that is to be corrected
(Cwx ), where x is either mq or mc and Na is the normalization factor for
′ and f is the frequency. An experimental
the reference cospectrum of w′ Tac
ex
transfer function TFwx was calculated according to Aubinet et al. (2012),
TFex
wx (f ) =

Na Cwx (f )
.
Nx Cwa (f )

(2.17)

it
A theoretical transfer function TFfwx
was fitted through TFex
wx (first proposed
by De Ligne et al., 2010):
 


f n
f it
.
(2.18)
TFwx = exp −ln(2)
fo,s

The parameters that are determined with this fitting are the half-power
frequency fo,s and the exponent n. The correction factor (CF) was then
calculated using:
CF = R f
b
fa

R fb

fa Cwx (f ) df
f it
T Fwx
(f ) Cwx (f )

df

.

(2.19)

Aubinet et al. (2012) reported a wind-speed dependency, however it was not
found in our analysis. Therefore the median correction factor for each level
was applied to all data for the same level. The correction factors were all
very small (less than 0.25 %).
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Soil heat-flux calculations
A storage correction was applied to QG to account for energy storage in the
soil layer between the heat-flux plate and the surface of the soil according
to Foken (2008),


CG zs Ts (t2 ) − Ts (t1 )
QG (0) = QG (zs ) +
,
(2.20)
t2 − t1
where QG (0) is the soil heat-flux at the soil surface, zs is the soil depth
at which the soil heat-flux plates were installed (zs = 50 mm), CG is the
volumetric heat capacity of the soil (using a porosity of 0.71 m3 m−3 and a
volumetric fraction of mineral soil of 0.29 m3 m−3 ) and Ts (t1 ) and Ts (t2 ) are
the 30-min averaged soil temperatures (measured at zs = 25 mm) between
the surface and the heat-flux plate for the 30 min before and after the 30-min
period concerned, so that t2 − t1 is 60 min.
Calculations of net radiation
CNR-1 sensors have in the past been shown to be inaccurate when not
ventilated (Michel et al., 2008), especially when dewfall occurs. Therefore
all cases with dewfall were eliminated. The criterion for eliminating dewfall
cases was when the case temperature of the CNR-1 (Tcase , ◦ C) was less
than 5 % above the dewpoint temperature of the air (Tdp , ◦ C) at the
same measurement height (calculated as 100% × (Tcase − Tdp )/Tcase ).
Furthermore, longwave irradiance (Lin ) was corrected for shortwave
irradiance (Sin ) dependency by subtracting 1.5% of Sin from Lin as
suggested by Michel et al. (2008) for our unventillated instruments. These
corrections were only conducted for the CNR-1 sensors since they are
instrument specific. Ensemble-averaged diurnal cycles of all radiation
components at z/h = 1.53 and at z/h = 0.06, and the net radiation at all
heights with Q∗ measurements, were calculated by first binning the values
into hourly blocks and then averaging the hourly blocks.
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2.3
2.3.1

Results and discussion
Spatial variability of canopy structure and radiation

Canopy coverage was calculated for all measurement locations and is
summarized in Table 2.5. Plot locations P1 and P2 had similar canopy
coverage of ≈ 60 %, while P3 had a higher canopy coverage of 75 %.
Coverage at the three tripod locations varied from 56 % (open) to 67 %
(dense).
Using the LiDAR-derived LAI data, the spatial variability of the stand
was analyzed. First, a 200 m × 200 m domain centered around the tower,
split into 25 40 m × 40 m cells, was defined. The cell size corresponds
approximately to twice the canopy height. Figure 2.3 shows LAI around
the tower, the grid and the locations of the tower, the pyranometer plots
and the tripod positions. The white contour lines show the average
above-canopy, 24-h footprint of the turbulent fluxes during the field
campaign. The footprint was calculated following Kormann and Meixner
(2001). The wind rose at bottom left shows the 24-h wind-direction
distribution measured at tower top (26.8 m); the flow was predominantly
from 135◦ (south-east) to 270◦ (west) and from ≈ 335◦ (north-north-west).
Approximately 50 % of the 24-h footprint (and 60 % of the daytime
footprint; not shown) was located inside the domain.
The average LAI for each cell was calculated. Although these LAI
measurements were taken in 2007, it can be assumed that the decrease
in LAI (approximately 0.1 m2 m−2 yr−1 ; Brown et al., 2010) in all areas
was proportional to the previous LAI. We are here interested in the
relative variability of the stand. Average values of LAI for the cells
containing P1, P2 and P3 were 0.51, 0.59 and 0.76 m2 m−2 , respectively
Grid cells with LAI < 0.55 m2 m−2 were considered
(Table 2.5).
P1-like, with 0.55 ≤ LAI ≤ 0.70 m2 m−2 were considered P2-like,
and with LAI > 0.70 m2 m−2 P3-like. Eighteen of the 25 cells within
the domain were P2-like, while only four were P3-like and three were P1-like.
The spatially averaged Sin (Sspatial , W m−2 ) at ground level was
calculated for each minute based on the simultaneous measurements of the
nine ground pyranometers in the three plots (tripod measurements were
not considered for the average since the tripod supported measurements
at the 1-m height). For the spatial average, geospatial-weighting factors
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Figure 2.3: Map of a 200 m × 200 m domain (black grid with 40 m ×
40 m cells) centered on the flux tower showing canopy LAI (colours) with
a 5-m resolution, the 24-h above-canopy cumulative flux footprint (white
contour lines), the three plots where ground-level Sin was measured and the
three positions of the roving tripod. The wind rose at bottom left shows the
average 24-h wind-direction distribution above the canopy during the field
campaign.
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for the three measurement locations were defined based on the above LAI
analysis (P1: 3/25, P2: 18/25, P3: 4/25, Table 2.5) to scale measurements
with the area of the forest, of which they are considered representative.
The average values of Sin at each ground pyranometer location and
tripod location and Sspatial were then calculated for each day for which
a full dataset was available (17 days). Then the root-mean-square error
(RMSE) and the RMSE normalized by the ensemble-averaged 24-h value
of Sspatial (149 W m−2 ) (nRMSE) for each measurement location was determined (Table 2.5). Also RMSE for all ground pyranometer locations together (RMSEspatial ) weighted by the area of the forest, of which they were
considered representative, was calculated. The same geospatial-weighting
factors (wi ) as for Sspatial were used,
sP
2
i,d wi (Sd,i − Sd,spatial )
P
,
(2.21)
RMSEspatial =
nNd i wi
where Sd,i is the averaged Sin for day d and pyranometer i, Sd,spatial is the
spatially averaged Sin for day d, n is the number of measurement locations
and Nd is the number of days included.

The value of RMSEspatial for the entire 200 m × 200 m domain was 18
W m−2 , which corresponds to 12 % of the ensemble-averaged Sspatial giving
an indication of the spatial variability of Sin at ground level. Even though
the tripod measurements were made at 1-m height, the measurements
were very similar to the ground-level measurements. The values of RM SE
at the three tripod locations (T1, T2 and T3) were 7, 11 and 4 W m−2 ,
corresponding to the relatively small values of nRMSE of 5, 7 and 3 %,
respectively. The RMSE of all tripod positions together was 8 W m−2
(nRMSE = 5 %). The tower was located in an area with an average
cumulative LAI of 0.62 m2 m−2 , which is comparable to LAI at tripod
locations T1 and T2 (0.62 and 0.61 m2 m−2 , respectively) and P2 (0.59
m2 m−2 ). In these three areas RMSE was determined to be between 7 and
19 W m−2 (nRMSE between 5 and 13 %). The RMSE of all the three P2
pyranometers together was 14 W m−2 (nRMSE of 10 %).
If a constant ground albedo (α = 0.15, at z/h = 0.06, see Sect. 2.3.2) is
assumed, the RMSE of S ∗ at the ground would be ≈ 0.85 times the RMSE of
Sin (between 6 and 16 W m−2 ). Regarding daily totals, S ∗ is the dominant
contributor to Q∗ . These results show that if we average over longer time
39

2.3. Results and discussion

Table 2.5: Average cell LAI, RMSE and nRMSE in comparison to Sspatial
for each measurement site. For the plot sites weighting factors are given,
which are used in the calculation of Sspatial .
Site

Cell LAIa

P1A
P1B
P1C
P2A
P2B
P2C
P3A
P3B
P3C
T1
T2
T3
TOWER

0.51
0.51
0.51
0.59
0.59
0.59
0.76
0.76
0.76
0.62
0.61
0.64
0.62

Canopy coverage
(%)
57.3
61.4
60.2
61.0
58.7
56.2
74.7
75.5
74.7
56.2
59.0
66.7
65.8a

Weighting factor

3/25

18/25

4/25
n/a
n/a
n/a
n/a

RMSE
(W m−2 )
15.3
8.8
21.3
19.0
14.6
7.0
48.0
64.9
68.8
7.3
10.9
4.2
< 19.0c

nRMSEb
(%)
10.3
5.9
14.3
12.8
9.8
4.7
32.2
43.6
46.2
4.9
7.3
2.8
< 12.8c

a

Measured in 2007.
Normalized by ensemble-averaged all-day Sspatial .
c
Estimated using P2, T1 and T2.
b

scales, the point measurements at the three tripod positions and the tower
captured the shortwave irradiance within the canopy well within ±11 %.
Furthermore, since shading by trees decreased with height in the canopy,
it can be assumed that the spatial variability of radiation decreased with
height in the canopy.

2.3.2

Radiative exchange

Shortwave radiation exchange
Shortwave radiation fluxes on the flux tower at z/h = 0.06 and z/h = 1.53,
as well as Sspatial and extraterrestrial shortwave irradiance (Sext ), are
shown in Fig. 2.4a. Sunrise and sunset occurred at approximately 04:00
and 21:00 PST, respectively. The dip in Sin above the canopy around
noon was due to convective clouds, which were regularly observed in the
early afternoon. On average, 58 % of the daily total Sin above the canopy
reached the 1-m height (z/h = 0.06), with especially high values of 87 %
around 12:00 PST. In the morning and evening, however, larger shortwave
absorption rates were observed due to the longer path length of direct
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Figure 2.4: Average
diurnal cycles of radiation fluxes and air
temperature for the
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radiation through the canopy at lower solar altitudes. The average daily
totals of Sin at z/h = 0.06 and 1.53 were 13.3 and 22.8 MJ m−2 day−1 ,
respectively. The average daily total of Sspatial on the ground was 12.6
MJ m−2 day−1 corresponding to 57 % of the daily total Sin above the
canopy.
While Sin was substantially lower in the lower canopy than above, outgoing shortwave radiation (Sout ) at z/h = 0.06 (average daily total 1.9
MJ m−2 day−1 ) and z/h = 1.53 (average daily total 1.8 MJ m−2 day−1 )
were very similar. A higher average albedo of α = 0.15 in the field-of-view
of the down-facing pyranometer at z/h = 0.06 (corresponding to the ground)
compared to an average albedo α = 0.08 at z/h = 1.53 (corresponding to
the stand as a whole) compensates for the lower available Sin that can be
reflected. The albedo was calculated based on the average daily totals of
Sin and Sout . As a result Sout at z/h = 0.06 even exceeded Sout above the
canopy slightly between 07:00 and 12:00 PST.
Longwave radiation exchange
Longwave radiation fluxes are shown in Fig. 2.4b. Outgoing longwave
radiation (Lout ) was generally larger than Lin . During the daytime Lout
was larger in the lower canopy than above the canopy, while at night the
opposite was the case. Since longwave radiation is a function of the surface
temperature of objects emitting the radiation, it is important to consider
air and bole temperatures (Fig. 2.4d). The bole temperature shown is
the average temperature just below the bark of a dead mature lodgepole
pine tree at approximately 1.3 m above the ground (north and south sides
averaged).
Air temperature during the daytime increased with depth into the
canopy and average below-bark temperature was up to 4 K above
air temperature at z/h = 0.06. At night, a temperature inversion
extended all the way to the ground and below-bark temperatures were
approximately 1 K above air temperatures at the 1.2-m height. Temperature differences between the top of the canopy and the lowest level
were approximately 5 K at night and approximately 3 K during the daytime.
In a dense canopy, air temperature usually decreases with depth into the
canopy during the daytime (e.g., Monteith, 1975) and at night it decreases
with depth only in the upper part of the canopy and remains constant or
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slightly increases towards the ground (Huisman and Attenborough, 1991).
However, the fact that the forest in this study is very open with LAI =
0.55 m2 m−2 leads to a temperature inversion extending to the ground at
night and a relatively constant temperature increase with depth from the
top of the canopy to the ground during the daytime.
Even though there was no bole temperature measurement in the upper
canopy available, the measurement at the 1.3-m height corresponded well
to the air temperature slightly above this height at night. Therefore, one
can assume that the bole surface temperature in the upper canopy was also
close to the air temperature during this time of the day. In view of this, Lout
at z/h = 1.53 at night is expected to be higher than Lout at z/h = 0.06.
This is because the lower down-facing pyrgeometer’s field-of-view covered
only the colder lower parts of the trees and the ground, while the higher
down-facing pyrgeometer’s field-of-view included the warmer tree tops.
During the day the opposite was the case, where the lower canopy was
warmer than the upper canopy and therefore Lout at z/h = 0.06 was larger
than Lout at z/h = 1.53.
On the other hand, Lin at the top of the canopy originates solely from the
sky, which is always colder than the trees; together the sky and trees are the
source of Lin at z/h = 0.06. For this reason Lin was always less than Lout at
both levels. The average daily total Lin at z/h = 0.06 and z/h = 1.53 was
30.3 and 27.5 MJ m−2 day−1 , respectively. The average daily total Lout was
35.1 MJ m−2 day−1 at z/h = 0.06 and 34.8 MJ m−2 day−1 at z/h = 1.53.
Net radiation
Q∗ for all six levels that were equipped with either four-component
radiometers or net radiometers are shown in Fig. 2.4c. The average diurnal
cycles between z/h = 0.38 and z/h = 1.53 show a relative smooth pattern,
with the exception of the time around noon. This corresponds to the
Sin dip due to the convective cloud cover previously discussed. Between
z/h = 0.06 and z/h = 0.14, a similar pattern as in Sin can be seen in
the morning and evening at z/h = 0.06, indicating that this was caused
by a shading effect due to low solar altitude combined with increased tree
density in the lower canopy.
From 05:00 to 19:30 PST, Q∗ increased with height from the bottom
to the top of the canopy; however, above the canopy (z/h = 1.53) Q∗ was
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Table 2.6: Number of cases with unstable, neutral and stable conditions that
were used in the daytime (Sin above the canopy > 5 W m−2 ), nighttime (Sin
above the canopy = 0) and 24-h analysis.
Daytime Nighttime 24-hour
Total
567
246
842
Unstable (z/L ≤ −0.1)
413
21
436
Neutral (−0.1 < z/L < 0.1)
112
88
215
Stable (z/L ≥ 0.1)
31
137
179
Stability not available
11
0
12

slightly smaller than in the upper canopy (z/h = 0.82) except between 05:00
and 08:00 PST. At night (from 19:00 to 05:00 PST) Q∗ decreased with height
within and above the canopy. At all levels Q∗ stayed relatively constant over
the course of the night. During the daytime, the decrease in Q∗ was larger in
the lower canopy below z/h = 0.38, which corresponded to the denser canopy
part of the secondary structure. The decrease of Q∗ from the canopy top to
the ground was mainly caused by incoming shortwave radiation intercepted
by the trees. At the top of the canopy there were very few trees that shaded
the specific location of the tower; yet there were trees at the horizon that
contributed to an increase in Lin . However, a difference in the field-of-view
of the radiative source areas of the down-facing radiometer might also have
had an impact on these results.

2.3.3

Energy balance partitioning

This section discusses the diurnal courses of QH , QE and QS + QG , the energy balance partitioning at the levels, the flux divergence and contribution
of the storage components in the layers. The diurnal courses, the daytime,
nighttime and 24-h profiles represent ensemble averages. The diurnal courses
were calculated using the same procedure as for the diurnal course analysis
for the radiation explained above. Table 2.6 presents the number of stable,
neutral and unstable cases determined that were included in the daytime,
nighttime and 24-h analyses. Stability was determined using the stability
parameter (z/L), where L is the Obukhov length (Kaimal and Finnigan,
1994).
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Diurnal courses of QH , QE and QS + QG
Figure 2.5 shows the diurnal cycles of QH , QE and QS + QG at the lowest
(z/h = 0.06) and the highest (z/h = 1.34) level. Fluxes during the nighttime (between 19:00 and 06:00 PST) were very small and several orders of
magnitude smaller than during daytime (between 06:00 and 19:00 PST).
During daytime all fluxes were negative and therefore fluxes were directed
out of the control volume. At both levels QH showed the largest negative
fluxes during daytime, while at night QS + QG showed the largest positive
values. The difference between QS + QG at z/h = 0.06 and z/h = 1.34
was small in the afternoon (11:00 to 18:00 PST); however, from 17:00 to
04:00 PST, QS + QG differed more between the two levels, which was due
to a larger energy storage change in the air and boles, and moisture content
change in the air for the higher level. At z/h = 0.06, QH and QE were
close to zero at night while at z/h = 1.34, QH was slightly positive during
nighttime and QE was negative in the late evening (20:00 to 22:00 PST) and
close to zero for the rest of the night.
Daytime
Daytime was defined as the time of the day when Sin above the canopy was
> 5 W m−2 . Figure 2.6 shows the ensemble-averaged daytime profile of the
energy balance. The values in the flux density profile (Fig. 2.6) give the
relative contribution of each flux density at this level compared to the total
input at the same level in %. For the second highest level (z/h = 1.05), Q∗
was linearly interpolated between the level above (z/h = 1.53) and below
(z/h = 0.83) since no radiation measurements were available for this level.
Even though this level was slightly above the given canopy height, a few
taller trees and the changing radiative source area when moving upward
might have influenced Q∗ at this level. For the highest EC measurement
height (z/h = 1.34) Q∗ was assumed to be equal to Q∗ at z/h = 1.53.
During the daytime, all energy input was due to Q∗ , which increased
with height from the bottom to the top of the canopy. A large fraction of
Q∗ was partitioned into QH (42 to 69 %), followed by QE (18 to 34 %)
and QS + QG (6 to 9 %). QH varied only slightly in the upper canopy and
above (z/h ≥ 0.60, −171 to −187 W m−2 ), but the magnitude decreased
from the upper canopy to the ground (−171 to −71 W m−2 ). The
relative contribution of QH was the lowest with 42 % and 52 % between
0.13 ≤ z/h ≤ 0.38 where the secondary structure was most abundant, and
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Figure 2.5: Ensemble-averaged diurnal courses of QH , QE and QS + QG at
z/h = 0.06 and z/h = 1.34 for the time period from 13 July 2010, 16:00
PST to 3 August 2010, 15:30 PST. The diurnal courses of Q∗ at the two
heights are shown in Fig. 2.4.
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Figure 2.6: Ensemble-averaged daytime flux densities of all energy balance
terms for the time period from 13 July 2010, 16:00 PST to 3 August 2010,
15:30 PST. Numbers in the bars are the relative contribution of each component to the energy balance of the given level in %. The residual is calculated
as Q∗ + QH + QE + QS + QG .
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Figure 2.7: Ensemble-averaged daytime divergences of net radiation and the
turbulent fluxes (a) and rates of change of storage (b) for the time period
from 13 July 2010, 16:00 PST to 3 August 2010, 15:30 PST. ∂QG /∂z was
−7.72 W m−3 in the lowest layer.
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was the highest above the canopy (69 %). QE showed a large relative
contribution at the lowest level (34 % at z/h = 0.06) when compared with
the levels above, but in absolute terms it varied very little throughout the
canopy and above (−40 to −54 W m−2 ). QS + QG was relatively small for
all levels in and above the canopy, accounting for only −11 to −19 W m−2
(between 6 and 8 %), while QG (−9 W m−2 ) dominated this term.
Energy balance closure was high in the upper canopy and above
(z/h ≥ 0.60) with values ranging from 89 to 95 %, which was close to
or higher than findings in other studies in forest ecosystems during the
summer (e.g., Aubinet et al., 2001; Wilson et al., 2002; Arain et al., 2003;
Amiro et al., 2006; Barr et al., 2006) and was excellent near the ground
with 99 %. However, where secondary structure was most developed,
EBC was only 66 − 77 %. The reduced EBC in the lower canopy but
above the lowest measurement level, might have been due to a difference
between the radiometer’s field-of-view and the EC sensor flux footprint.
The net radiometers within the canopy have a conical field-of-view around
the sensor, 90 % of which has a diameter ≈ six times the measurement
height, whereas the EC system takes integral measurements with a varying
footprint over time and dependent on measurement height, stability and
wind direction and speed. Q∗ at the lowest level was measured using the
roving tripod at three different locations T1 to T3 (see Fig. 2.3). Energy
balance closure at this level was very good and may indicate that the
Q∗ measurements at the tripod locations provided more representative
sampling than on the tower in the lower canopy. However, in Appendix F,
it can be seen that the good closure at z/h = 0.06 was at least partly due
to averaging of widely scattered data. Advective fluxes (Moderow et al.,
2007) may have also contributed to the lack of energy balance closure.
A closure test was conducted, where the dependency of EBC on friction
2
2
velocity (u∗ = (u′ w′ + v ′ w′ )1/4 ; Stull (1988)) above the canopy was tested
(not shown). u∗ thresholds that were used for the test were 0.1, 0.2 and
0.3 m s−1 . This test, however, showed that introducing these thresholds
did not improve energy balance closure substantially during the daytime
(< 1 percentage point (pp)). With a u∗ threshold of 0.4 m s−1 insufficient
records were left to conduct a meaningful analysis.
During the daytime, ∂Q∗ /∂z was positive and therefore an energy source
for the layers throughout most of the canopy; however, it was only slightly
positive above z/h = 0.38. For almost the entire canopy, ∂QH /∂z was nega-
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tive, i.e., the upward flux of sensible heat increased with height. ∂QE /∂z is
largest in the lowest layer while for the remaining layers, ∂QE /∂z was small.
Contributions by the different vegetation layers (ground layer, secondary
structure, overstory and above the canopy) to the total flux at the top
of the tower were calculated by multiplying the flux-density divergence
of each measurement layer by its thickness and adding all measurement
layers that were part of the same vegetation layer. This sum was then
divided by the flux density measured above the canopy. The vegetation
layers are defined as follows: ground layer: z/h = 0 to 0.06, secondary
structure: z/h = 0.06 to 0.60, overstory: z/h = 0.60 to 1.05 and above
canopy: z/h = 1.05 to 1.34. Similar proportions of Q∗ above the canopy
were absorbed in the layers of the secondary structure (55 %) and the
ground layer (48 %), i.e. resulting in energy sources for these layers. For
∂QH /∂z, three main contributing layers can be identified: the ground layer
(38 % of the flux above the canopy), the secondary structure layer (53 %
of the flux above the canopy), the overstory layer with some secondary
structure but mainly dead trees, where ∂QH /∂z decreased steadily (7
% of the flux above the canopy) until it approached zero at the top of
the canopy and above (z/h > 1). During this relatively dry period in
this stand with a dead overstory, most of QE originated in the ground
layer (z/h < 0.06, −34 W m−3 ; Fig. 2.7a) making up 87 % of the total
QE measured above the canopy. This high proportion contrasts with the
results of several other studies that employed the EC method to measure
fluxes from the understory in healthy forests. Lee and Black (1993b)
found that approximately 30 % of the latent heat flux and approximately
20 % of the sensible heat flux came from the understory and ground
in an extensively thinned 28-year old Douglas-fir stand. Blanken et al.
(2001) determined that 30 to 35 % of the latent heat flux came from
the hazelnut understory and ground in a 70-year old boreal aspen stand.
Staudt et al. (2011) found that 10 % of the forest’s evapotranspiration
originated from close to the ground in a 54-year old Norway spruce stand.
On the other hand, in a maritime pine forest during a drought period,
Jarosz et al. (2008) found that the overstory pine followed a droughtavoiding strategy in contrast to the grassy understory, resulting in the
understory accounting for as much as 45 % of the overall evapotranspiration.
Figure 2.7b shows the vertical distribution of the rates of change of energy storage in the forest. Energy storage due to the change of sensible heat
in the air (∆QS,H ) was negative (i.e., air temperature increased) and made
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up the largest part of the energy storage in the upper canopy (z/h ≥ 0.60).
It was almost constant throughout and above the canopy. All other terms,
namely ∆QS,E , ∆QS,B and ∆QS,C were also negative and therefore also
accounted for energy storage in the lower canopy where living vegetation
was abundant. In the lower canopy (z/h < 0.38), ∆QS,B exceeded ∆QS,H
and in the lowest layer ∆QS,C was the largest contributor to energy storage. Above z/h = 0.14, ∆QS,B decreased with height due to decreasing tree
volume fraction. As described in Section 2.2.2, ∆QS,B was estimated based
on TB measurements close to the ground and at 1.3 m above the ground.
∆QS,C was an energy source in the upper canopy because of respiration
of the dead trees in the upper canopy. The magnitude of ∆QS,E steadily
decreased with height throughout the canopy. Figure 2.7b shows that energy storage change is negligible compared to ∂QH /∂z and ∂QE /∂z during
daytime, i.e., as a good approximation (above the ground layer),
∂QE
∂Q∗ ∂QH
+
+
≈ 0.
(2.22)
∂z
∂z
∂z
Figure 2.8 shows the average Bowen ratio (β = QH /QE ) profile at
four different times of the day (08:00, 11:00, 14:00, 17:00 PST) and the
ensemble-averaged daytime β. The average daytime β was calculated based
on the average daytime total QH and QE . At all times and all levels,
β > 1, except in the morning at the lowest 2 levels. In the morning, β
increased with height from the ground to the upper canopy (z/h = 0.83 to
z/h = 1.05) and then stayed relatively constant. During the rest of the day
β increased again with height from the ground to the upper canopy but
decreased above. The dominance of QH generally increased over the course
of the day. Close to the ground, however, it decreased again in the evening.
On average, β during the day increased from 1.9 at the ground to 4.3
at z/h = 0.83 and decreased slightly to 3.9 at the highest level (z/h =
1.34). This reflected the strong source of sensible heat throughout the whole
canopy, while there was almost no latent heat added above the lowest layer.
At the same time, relative QE contributions to the energy balance were
larger near the ground than above. QE > QH only in the early morning near
the ground surface due to the evaporation of dewfall and soil moisture, and
to transpiration of plants with high stomatal conductance in the morning.
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Figure 2.8: Average Bowen ratio (β) at 08:00, 11:00, 14:00 and 17:00
PST and ensemble-averaged daytime Bowen ratio i.e., (daytime total
QH )/(daytime total QE ).
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Nighttime
Nighttime was defined as the period when Sin = 0 above the canopy. Q∗
decreased from −22 W m−2 at z/h = 0.06 to −56 W m−2 at z/h = 1.34
and much of this energy loss, especially in the upper canopy and above is
accounted for by QS + QG (33 to 44 % of the energy output) (Fig. 2.9).
The second largest source of energy balancing the radiative loss was QH .
However, with contributions of 9 % in the lower canopy to 33 % in the
upper canopy, its relative contribution was smaller than during the day.
The value of QH varied between 2 W m−2 at z/h = 0.06 and 16 W m−2 at
z/h = 0.83. QE was small at all levels (magnitude less than 4 W m−2 and
6 %). At night the residual was substantial and larger than 50 % in the
lower canopy.
Similar to the flux densities, the flux-density divergences were also
smaller at night compared to the daytime (Fig. 2.10a). ∂Q∗ /∂z was
relatively large in the layers below z/h = 0.14 and small in the layers
above. Both ∂QE /∂z and ∂QH /∂z were small throughout the canopy,
but increased slightly in the lowest layer (z/h < 0.06). The significant
increase in ∂QH /∂z close to the the top of the secondary structure
(0.38 < z/h < 0.60) largely balanced the increase in the magnitude of net
radiative divergence at this height.
At night, sensible heat storage change in the air and in the boles were
energy sources (i.e., ∆QS,H > 0 and ∆QS,B > 0) for the net radiative
loss, about twice the magnitude of the sink they were during the daytime
and they decreased slightly with height (Fig. 2.10b). ∆QS,C however,
was close to zero in the upper layer, while the graph shows a small sink
of energy below z/h < 0.38, indicating the occurrence of advection and
problems with turbulent flux measurements at night in the lower canopy
since photosynthesis does not occur at night.
Values of EBC at night were lower than during the daytime, and varied
between 13 % in the lower canopy to 58 % in the upper canopy (Fig. 2.9).
The closure problem during the nighttime has been identified previously
(e.g., Baldocchi and Meyers, 1988a; Berbigier et al., 2001; Wilson et al.,
2002) and is usually attributed to stable stratification, low turbulence and
possible dominance of large-scale horizontal advection (e.g., Leuning et al.,
2008) or dispersive fluxes (Poggi and Katul, 2008). As stated above,
dispersive fluxes can become significant in a sparse canopy (Poggi et al.,
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Figure 2.9: Same as Fig. 2.6 but for nighttime.
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Figure 2.10: Same as Fig. 2.7 but for nighttime. ∂QG /∂z was 6.22 W m−3
in the lowest layer.
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Table 2.7: Energy balance closure (EBC, in %) during nighttime at all seven
levels (z/h) when using no threshold and when using different u∗ thresholds.
The number of records (N ) included in the analysis for each threshold is also
shown.
z/h no threshold u∗ > 0.1 m s−1 u∗ > 0.2 m s−1 u∗ > 0.3 m s−1
0.06
17.4
18.2
24.2
30.0
0.14
13.0
14.0
16.3
19.3
0.38
31.0
33.0
39.0
50.9
0.60
52.7
53.7
54.4
64.7
0.83
58.0
58.8
62.7
62.5
1.05
48.9
50.0
57.0
68.7
1.34
31.9
32.6
34.1
37.4
N
249
225
144
73

2004b; Christen and Vogt, 2004) and their effect is larger in the lower
canopy than at the top of the canopy (Bohm et al., 2000). Furthermore,
even though the stand in this study has an adequate and homogeneous
fetch, absolute homogeneity and perfectly steady-state conditions are rarely
found and can therefore lead to significant horizontal advective fluxes when
turbulent fluxes are small (Aubinet et al., 2012). In 55 % of the cases
that were used in our nighttime profile analysis were dynamically stable
(z/L ≥ 0.1 at the top of the tower; Table 2.6). Observations in average
showed stable stratification with a well-developed inversion extended all
the way to the ground. Energy balance closure tests for nighttime were
conducted using several u∗ thresholds (Table 2.7). For u∗ thresholds of
0.2 m s−1 and 0.3 m s−1 , EBC was improved by several pp at all levels
increasing closure by up to 20 pp for z/h = 0.38. Appendix F shows a more
detailed analysis of turbulence thresholds in the context of EBC.
24-h totals
Figure 2.11 shows the average 24-h flux densities of the energy balance
components and Fig. 2.12 shows the average 24-h flux-density divergences
and storage term components for all levels and layers, respectively. The
24-h profiles in Figs. 2.11 and 2.12 were dominated by the daytime
behaviour and therefore were very similar to the daytime distribution in
Figs. 2.6 and 2.7, respectively. This is because turbulent energy exchange
during the daytime was almost an order of magnitude larger than at night
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and daytime took up approximately 17 h of the day during the campaign.
Relative QH dominance was even larger than in the daytime analysis,
while the storage contribution was smaller and closure was greater at all
levels. The ratio of QE to the incoming radiation at each level was also
slightly larger than during daytime. Q∗ varied from approximately 77
W m−2 or 6.6 MJ m−2 day−1 close to the ground to 169 W m−2 or 14.6
MJ m−2 day−1 at the top of the canopy. Above the canopy, daily total Q∗
decreased again similarly to the daytime profile.
The daily total flux-density divergences of Q∗ , QH and QE shown in
Fig. 2.12a were also dominated by the daytime and showed the strongest
negative ∂QH /∂z values (−39 W m−2 or −3.4 MJ m−3 day−1 ) and
∂QE /∂z values (−23 W m−2 or −2.0 MJ m−3 day−1 ) close to the ground,
near-zero values of ∂QE /∂z for all above layers and reduced but relatively
strong values of ∂QH /∂z (between −5 and −7 W m−3 or −0.4 and −0.6
MJ m−3 day−1 ) where there was the secondary structure. ∂Q∗ /∂z was a
strong energy source in the lower canopy (between 31 and 64 W m−3 or 2.7
and 5.5 MJ m−3 day−1 at z/h < 0.14), an energy source for layers between
0.14 < z/h < 0.60 (about 5 W m−3 or 0.4 MJ m−3 day−1 ) and close to
zero above.
Overall, 85 % of the total QE measured at the top of the tower originated
from the ground and 19 % from the layers with secondary structure, while
the overstory composed of primarily dead pine trees appeared to be a weak
sink (8 %) but this might be partly due to error in measuring the small
latent heat fluxes since the dead trees would not be expected to absorb
much water vapour. In the case of QH , 39 % of that measured at tower
top originated from the ground, while 53 % and 8 % originated from the
secondary structure and the dead overstory layers, respectively. The ground
layer and the layers with secondary structure were similar sized sinks for Q∗ ,
i.e., 48 % and 55 %, respectively. The overstory was a very small sink for Q∗ .
In the case of energy storage, daytime and nighttime ∆QS,B compensated each other as expected and the boles overall neither stored nor released substantial amounts of energy over the duration of the campaign.
Also ∆QS,H and ∆QS,E were negligibly small in all layers on a 24-h basis. ∆QS,C was a relatively strong energy sink where the active secondary
structure and the ground vegetation was most abundant (−0.2 W m−3 or
−0.01 MJ m−3 day−1 at 0.06 < z/h < 0.14) compared to the other storage terms (up to −0.6 W m−3 or −0.05 MJ m−3 day−1 ), while it was a
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Figure 2.11: Same as Fig. 2.6 but showing averaged 24-h profiles. Averaged
daily total flux densities (MJ m−2 day−1 ) are also indicated on the x-axis
at the top.
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source above z/h = 0.38. ∂QG /∂z was an energy sink of −3.0 W m−3 or
−0.26 MJ m−3 day−1 in the lowest layer (not shown). This chemical energy
storage is of longer duration (seasonal), and hence it is not surprising that
∆QS,C is the only term that over a 24-h period is not negligible.

2.4

Summary and conclusions

The open-stand structure resulting from the MPB attack allowed 60 % of
shortwave irradiance to reach the forest floor resulting in ground-level daily
total net radiation being almost 50 % of that above the stand. The upper
part of the canopy was a strong source of sensible heat, a weak source of
latent heat with the Bowen ratio (β) reaching 4. The lower part of the
canopy with the understory and shrubs was a source of latent heat even
under these dry conditions with β being as low as 2.
During the daytime, canopy energy storage was small with sensible
heat storage in the air being most important in the upper canopy, while
energy storage in the lower canopy was mainly due to biomass heat storage
and photosynthesis. At night the decrease in sensible heat storage in the
biomass and air accounted for up to 40 % of net radiative loss. Over 24
hours, the changes in canopy energy storage and ground heat flux were
negligible.
Energy balance closure was relatively high during the daytime, when
the open-stand structure resulted in relatively strong coupling through
the canopy and sub-canopy. However, in the layers where secondary
structure was most abundant, the residuals were as high as 30 %.
Nighttime EBC residuals approached 60 % and therefore nighttime flux
measurements remain a concern inside the canopy and generally for the
entire forest-atmosphere interface.
While measurements at the tower appeared to be relatively representative of the stand, improved spatial coverage with additional radiometer measurements, not only at ground level but also throughout the canopy space,
would be strongly recommended for such a study and could contribute to
obtaining improved closure. The penetration of shortwave radiation in this
open stand and reduced within-canopy wind speed (see Chapter 4), resulting
in a favorable ground-level microclimate, help explain the surprisingly rapid
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recovery of the stand following the beetle attack as reported by Brown et al.
(2012a).
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Chapter 3

Vertical distribution of
carbon dioxide sources and
sinks
3.1

Introduction

Forests are important for the storage of carbon (C). About 2.2 times the
atmospheric C, and the largest fraction of terrestrial ecosystem C is stored
in forests (Sabine et al., 2004). Carbon is stored through photosynthesis
in plant tissues, while heterotrophic and autotrophic respiration release
C from the soil and plants to the atmosphere in the form of carbon
dioxide (CO2 ). In many healthy forests, C uptake exceeds the release
making them an overall sink for C (Baldocchi, 2008). Disturbances like
forest fires, harvesting and insect infestations, however, can turn forest
ecosystems into C sources (e.g., Kurz et al., 2008). Insects such as the
mountain pine beetle (MPB, Dendroctonus ponderosae) have an impact
on the net primary production (NPP) of forests, but this has generally
been ignored in large-scale carbon modelling studies (McGuire et al., 2001;
Myneni et al., 2001). The native habitat of the MPB is in the western part
of North America. Large outbreaks are common events in the region but
the current outbreak in British Columbia (BC), Canada, which started
in the late 1990s, is the largest outbreak ever recorded in North America
(Safranyik and Wilson, 2006). By 2011, 710 million m3 of merchantable
pine volume (Walton, 2012) in a total outbreak area of 181, 000 km2
(MFLNRO, 2012) had been killed since the start of this outbreak.
There are three different management responses to the outbreak of
MPB: (i) non-invasive (no treatment), (ii) removal of only the affected
trees (partial harvesting) and (iii) complete removal of the affected stand
(clearcut harvesting). Brown et al. (2012a) found that two MPB-attacked
stands in the interior of British Columbia that received no treatment
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recovered to C neutrality in three and five years, respectively, after beetle
attack. At the same time, nearby clearcut sites remained C sources for up
to 10 years after harvesting. They speculated that the growth response
of the secondary structure (trees and understory not killed by the beetle)
following the attack was responsible for the fast recovery. In Chapter 2, it
was found that in the MPB-attacked stand discussed in this thesis 60 % of
above-canopy shortwave irradiance reached the ground and that latent heat
(and therefore water (H2 O) vapour) originated mainly from the understory
layer underlining the important effect of the understory on the overall stand
microclimate. Given the high level of irradiance reaching the secondary
structure but small H2 O flux originating from the secondary structure
layer, the vertical variation of water use efficiency (WUE), the ratio of
C uptake to H2 O loss, is of interest. During photosynthesis, stomatal
openings (and thereby stomatal conductance) can be regulated. When
stomatal conductance is high, more CO2 can be stored in plant tissues
than when it is low, but at the same time more H2 O will be transpired
and lost to the atmosphere. This trade-off between CO2 uptake and H2 O
loss varies, however, between plant species and climatic conditions (e.g.,
Marshall and Waring, 1984) and is described by WUE, which links the C
assimilated to the H2 O loss by transpiration. Cowan and Farquhar (1977)
proposed that plants control stomata to optimally satisfy the trade-off
between the amount of C assimilated and the amount of H2 O transpired.
Studies have shown that there is a potential for partial harvesting
and non-invasive strategies to improve CO2 uptake (Kurz et al., 2008;
Edburg et al., 2011; Brown et al., 2012a; Mathys et al., 2013) and harvest
yields (Nishio, 2009). Partially harvested and non-invasively managed
forests are of a particular interest since Coates et al. (2006) have shown that
20-30 % of MPB stands in central and northern BC have sufficient secondary
structure to expect a midterm harvest even if left unharvested, and approximately 40-50 % could be restocked without further silvicultural intervention.
In this thesis, a non-invasively managed MPB-affected lodgepole pine
dominated stand in the interior of BC was studied. Brown et al. (2012a)
identified that over the growing season this stand was a weak C sink
and hypothesized that the secondary structure was responsible for the
uptake. This study aimed to validate this hypothesis by quantifying how
much different layers of the canopy contributed to the stand’s overall
respiration, photosynthesis and transpiration. Knowing the processes on a
layer-by-layer basis is necessary to develop models that project the course
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of the recovery of non-invasively managed MPB-impacted lodgepole pine
stands. The specific objectives of the paper are: (i) to determine the
vertical distribution of CO2 sources and sinks within and above the canopy
of this MPB-attacked pine stand, (ii) to determine the average vertical CO2
flux profiles, and source and sink strengths in the three vegetation layers
(understory, secondary structure and overstory) for different times of the
day, (iii) to partition fluxes into respiration and photosynthesis components
in the different layers, and (iv) to determine the WUE of the different
vegetation layers.
Two independent approaches are used to answer these questions,
namely the eddy-covariance approach (EC) (Baldocchi, 2003) and an
ecophysiological approach (EP) which scales photosynthesis and respiration
measurements to the entire ecosystem using chamber measurements of CO2
exchange on foliage and boles, climatic measurements and stand structure
information (Pypker and Fredeen, 2002a,b).
There have been a number of studies measuring turbulent fluxes
using the EC approach within or below a forest canopy to partition
sub-canopy contributions (e.g., Lee and Black, 1993b; Baldocchi and Vogel,
1996; Blanken et al., 1997; Saugier et al., 1997; Wilson et al., 2000;
Blanken et al., 2001; Blanken and Black, 2004; Roupsard et al., 2006;
Jarosz et al., 2008), where usually one EC system was installed above the
canopy and one within the canopy. Only few studies (e.g., Staudt et al.,
2011; Zhang et al., 2010) have used a larger number of systems to determine
the vertical structure of turbulent exchange and to the authors’ knowledge
this is the first study that uses a high vertical resolution to partition
canopy-layer contributions to the net ecosystem exchange (NEE). Other
studies have used an inverse-Lagrangian approach to determine scalar
sources and sinks within a canopy from a measured vertical scalar concentration profile (e.g., Katul et al., 1997; Juang et al., 2006; Brown et al., 2012b).

3.2
3.2.1

Methodology
Measurement site

The study site was located in a lodgepole pine dominated stand adjacent to
Crooked River Provincial Park (70 km north of Prince George, BC, Canada
54◦ 28′ 24.8′′ N, 122◦ 42′ 48.4′′ W). The stand was first attacked by MPB in
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2003, experienced almost 100 % mortality of the mature pine trees by 2007
and was non-invasively managed after the MPB attack. The stand was
characterized by a rich secondary structure consisting of living sub-canopy
lodgepole pine, subalpine fir (Albies lasiocarpa), hybrid spruce (Picea glauca
× engelmannii ) and a few Douglas-fir (Pseudotsuga menziesii var. glauca)
trees and saplings, while the dead overstory consisted almost entirely of
lodgepole pine (Fig. 3.1). The secondary structure had a maximum height
of 12 m, but most (> 90 %) of the secondary structure was smaller than
4 m tall. The ground was widely covered with mosses, lichens, Vaccinium
species, ground cedar (Lycopodium complanatum) and kinnikinnick (Arctostraphylos uva-ursi ), which were between a few cm and 1 m tall. The
stand height (h) was 20 m and the canopy above the 1.3-m height had an
average leaf area index (LAI) of 0.55 m2 m−2 in 2010. Fig. 3.2 shows the
vertical LiDAR-derived leaf area density (LAD) distribution above the 3-m
height in 2006 (pers. comm. T. Hilker) and the estimated LAD of living vegetation in three vegetation layers as used in calculations (see Section 3.2.3).
The stand had a relatively homogeneous fetch > 0.4 km in all directions
around the tower and the terrain was flat (< 0.5 ◦ slope). A full description
of the stand can be found in Brown et al. (2010) and Bowler et al. (2012).
The stand density variability and its effect on radiation transmission and
energy balance partitioning was discussed in Chapter 2. Photographs of the
measurement site and the instrumentation are shown in Appendix A.

3.2.2

Instrumentation

An intensive field campaign was conducted during July and August of 2010.
A 30-m tall scaffold tower was used as the main platform of measurements,
while some instruments were installed on a roving tripod, in the soil or in
boles. All times given in the following text are Pacific Standard Time (PST
= UTC − 8h). In the following, a level was defined as a measurement height,
while a layer was defined as a stratum between two levels.
Climate
Incoming photosynthetically active radiation (PAR, µmol m−2 s−1 ) was
measured at six heights (Table 3.1) on the tower and a roving tripod (only
the lowest measurement level) using six upward-facing quantum sensors
(two quantum sensors SQ-110, Apogee Instruments Inc., Logan, Utah at
the 1.2- and 16.8-m heights; two line quantum sensors LI-191SA, LI-COR
Inc., Lincoln, Nebraska at the 7.6- and 11.9-m heights; two quantum
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Figure 3.1: Photograph of the forest structure in the MPB-attacked stand:
dead mature pine trees, sparse living secondary structure and widespread
ground coverage in the understory. This photograph was taken on 9 July
2010 just before the start of the field campaign close to the tower.
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Figure 3.2: Average profile of LiDAR-derived leaf area density (LAD) (blue)
in 2006 and assumed LAD of living vegetation in 2010 as used in the ecophysiological approach based on on-ground destructive LAI measurements
(green). Below the 3-m height (z/h = 0.15) LAD based on LiDAR data
cannot be determined since the signal cannot be separated from ground
returns.
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Table 3.1:a Selected instrumentation installed on the scaffold tower

h
26.80
21.00
16.50
11.90
7.60
2.70
1.20

z/h
1.34
1.05
0.83
0.60
0.38
0.14
0.06

Fc
CSAT3, LI-7500
CSAT3, LI-7500
CSAT3, LI-7500
CSAT3, LI-7500
CSAT3, LI-7500
CSAT3, LI-7500
CSAT3, LI-7500

PAR
LI-190b
SQ-110
LI-191SA
LI-191SA
LI-190
SQ-110c

LI-840
LI-840
LI-840
LI-840
LI-840
LI-840
LI-840

gas
gas
gas
gas
gas
gas
gas

ρc , ρq
multiplexer,
multiplexer,
multiplexer,
multiplexer,
multiplexer,
multiplexer,
multiplexer,

LI-7500
LI-7500
LI-7500
LI-7500
LI-7500
LI-7500
LI-7500

a

Measurement height is normalized to canopy height h = 20 m.
This measurement was made at the 30-m height
c
This system was mounted on the roving tripod.
b

sensors LI-190, LI-COR at the 2.7- and 30.0-m heights). The position of the
roving tripod was changed three times over the course of the campaign to
capture the small stand density variability (see Chapter 2). A comparable
spatial sampling was not possible for the higher measurement levels. A
four-component net radiometer (CNR-1, Kipp & Zonen B.V., Delft, The
Netherlands) was installed above the canopy at the 30-m height measuring
incoming and outgoing short and longwave radiation. For all radiometers
at the 2.7- and 30-m heights, 30-min averages were recorded, while for all
other levels 1-min averaged radiometer measurements were recorded.
Air temperature (Ta ) and relative humidity (RH) were measured at the
6-m height using a temperature and relative humidity probe (HMP45C,
Vaisala Oyj, Helsinki, Finland) and precipitation was measured with a
tipping bucket rain gauge (TE525M, Campbell Scientific (CSI), Logan,
Utah) at the 25-m height. For all these measurements, 30-min averages
were recorded.
Bole temperature (TB ) of a living subalpine fir (diameter at breast
height (DBH): 14 cm) and a dead lodgepole pine (DBH: 15 cm) was
measured with 8 thermocouples (custom-made, Type T) at 1.3-m height and
recorded using a solid-state multiplexer (AM25-T, CSI). The thermocouples
were placed just below the bark on the north and south sides of each tree.
Soil temperature (Ts ; at 0.025-m depth) and soil moisture content (θs ; at
0.1-m depth) were measured using thermocouples (custom-made, Type T)
and water content reflectometers (CS-616, CSI), respectively in three plots
(P1, P2 and P3) around the tower with slightly differing stand density (see
Chapter 2). A temperature correction was applied to the CS-616 data as
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described in Campbell Scientific (2012). For all bole and soil measurements
1-min averages were recorded.

Eddy-covariance measurements
Seven eddy-covariance systems were installed on the tower at the 1.2-, 2.7-,
7.6-, 11.9-, 16.5-, 21.0- and 26.8-m heights (Table 3.1) . Each comprised
an ultrasonic anemometer (CSAT3, CSI) measuring three-dimensional wind
speed (u, v and w) and acoustic temperature, an open-path infrared gas
analyzer (IRGA; LI-7500, LI-COR) capable of measuring CO2 and H2 O
molar densities (ρc and ρq , respectively) and pressure (p) and a fast-response
fine-wire thermocouple (25.4 µm, Type E, custom-made). The measurement
frequency for all these instruments was 10 Hz at all heights except the 26-m
height level where the measurement frequency was 5 Hz.
Soil and bole respiration
Soil and bole respiration (Rs and Rb , respectively) was determined with
a manual portable chamber system, which is described in Jassal et al.
(2007). The system was equipped with a closed-path IRGA (LI-800,
LI-COR) and a temperature and relative humidity probe (HMP35CF,
CSI). Measurements were conducted with an opaque, cylindric PVC
chamber (volume = 0.0163 m3 , inside diameter = 0.107 m). The pump
drew air from the chamber at 2.5 l min−1 through the sampling tube
diverting 0.8 dm3 min−1 to the IRGA. CO2 mole fraction, temperature
and relative humidity were recorded at a frequency of 1 Hz. Measurements
were taken in six plots (B1 to B6, of which two were always close to
each soil measurement plot P1, P2 and P3) covering areas with varying
stand density (see Chapter 2). Within each of the chamber measurement
plots (B1 to B6), PVC collars were attached to three trees (one collar
on each tree, DBH between 0.114 and 0.286 m) with galvanized wire
and sealed with silicone caulk and three collars were installed in the soil.
Soil temperature and water content were measured with a hand-held
thermocouple and a hand-held volumetric soil water content measurement
system (Hydrosense, CSI), which were inserted into the soil close to the
collars at the time of the chamber measurements and sampled the top 0.1 m
of the soil. Chamber measurements were made on nine days between 07:00
and 18:30, including three diurnal runs on a subset of the sampling locations.
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Leaf net assimilation
Leaf net assimilation (A) was measured using a portable photosynthesis
system (LI-6400, LI-COR). Measurements were made on 39 understory
and secondary structure plants on nine days simultaneously with the EC
measurements between 08:00 and 19:00. These measurements included
one diurnal run on a subset of seven plants and full runs on seven days,
where 27 assigned plants were measured once a day (different times of the
day). Vapour pressure deficit (D) and Ta in the chamber were recorded
as well as PAR outside the chamber. The same procedure as Bowler et al.
(2012) was followed, where measurements were made in unshaded locations
in the stand and needles younger than one year were excluded from the
measurements. Shoots were clipped from conifer trees and measured within
5 min after clipping while understory broadleaf species were measured
in situ unless they were located too close to ground. Each measurement
was repeated three times and the average of the three measurements was
computed to capture any short-term variability in environmental variables
affecting gas exchange. The hemi-surface leaf area of the measured branches
was determined destructively as described in Bowler et al. (2012).

Vertical CO2 concentration profile
Accurate CO2 mole fractions (c, µmol mol−1 moist air) were measured along
the tower using a closed-path IRGA (LI-840, LI-COR, measurement frequency 1 Hz). The IRGA was connected to seven tubes (Synflex 1300, 4.0
mm inner diameter, Saint-Gobain Performance Plastics, Wayne, NJ, USA)
to sample air from each of the seven EC levels. The system sampled sequentially for 3 min 25 s per level though the seven levels from bottom to
top using a gas multiplexer with solenoid valves. The flow rate through the
Synflex tubes was 5 l min−1 , while only 0.6 l min−1 were fed into the IRGA.
All Synflex tubes had the same length to avoid pressure differences. The
system was calibrated every 1 h to 3 h by running consecutively nitrogen
(N2 ) as a zero gas and a CO2 span gas (CO2 in dry air) into the air sampling
intake at the bottom level. Intake of ambient air during the calibration was
avoided by keeping the calibration gas flow higher than 5 l min−1 . Each
calibration gas was measured for 3 min at the end of the half hour. During
the 30-min periods without calibration, the lowest level was measured for
an additional 6 min at the end of the half hour.
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3.2.3

Analysis and corrections

CO2 exchange was determined for three canopy layers, which were defined
as follows: the understory layer: 0 - 1.2 m (z/h = 0 to 0.06), the secondary
structure layer: 1.2 - 11.9 m (z/h = 0.06 to 0.60), and the overstory layer:
11.9 - 20 m (z/h = 0.60 to 1.00). The data included in this study were
obtained between 14 July and 3 August 2010. The two following weeks
were included to establish light response curves and to calibrate the LI-840
IRGA. All instruments (except the EC system at the 26.8-m height) were
calibrated or intercompared before, during or after the field campaign.
Eddy-covariance approach
In the EC approach, ρc (µmol m−3 ) was converted to the instantaneous
molar mixing ratio mc = ρc /ρa (µmol mol−1 ), where ρa is the molar density
of dry air (mol m−3 ). For each half hour, the 30-min averaged covariance
w′ m′c was calculated, where w is the vertical wind speed (m s−1 ). The
overbar denotes half-hourly averaging and the primes indicate fluctuations
from the average. The molar flux density (Fc , µmol m−2 s−1 ) was then
computed as (Webb et al., 1980):
Fc = ρa w′ m′c

(3.1)

Positive values of Fc are upward fluxes and negative values are downward
fluxes. The same corrections and quality control procedures as presented
in Chapter 2 were applied to the EC data: despiking, spectral correction,
planar fit, and removal of data that were affected by anemometer and tower
flow distortion. The data was inspected visually for unrealistic data, which
were then excluded from the analysis. In this subjective approach, data
from each level was compared to the other levels and each half hour was
compared to the half hours before and after.
Fc is the directly measured flux; however, a correction for the rate of
change in CO2 storage in the air column beneath the flux measurement
level must be applied as follows in order to determine the net CO2 exchange
(NEEz , µmol m−2 s−1 ) below each level:
NEEz = Fc + ∆Fs ,
The rate-of-storage change (∆Fs ) is defined as
Z z
∂ρc
dz,
∆Fs =
0 ∂t

(3.2)

(3.3)
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where z is the measurement height (m) and t is the time (s). To calculate
the rate of storage change, differences in open-path IRGA (i.e., LI-7500)
molar concentrations between the 30-min periods before and after the
30-min period concerned were determined. For this the open-path IRGA
measurements were calibrated against the closed path (i.e., LI-840)
measurements. For the top level above the canopy NEEz is equivalent to
the total net ecosystem exchange.
The CO2 source/sink strength (Sc , µmol m−3 s−1 ) was then determined
using the conservation equation of a scalar (Stull, 1988):
∂(u′j ρ′c )
∂ρc uj ∂ρc
ν c ∂ 2 ρc
+
S
−
+
=
,
c
∂t
∂xj
∂xj
∂x2j

(3.4)

where t is the time, uj is the wind velocity component in the j direction, xj
is the distance in the j direction and νc is the molecular diffusivity of CO2 . If
it is assumed horizontal homogeneity (∂/∂x = 0, ∂/∂y = 0), no subsidence
(w = 0) and that diffusion is negligibly small, then the second and third
term (advection by mean wind and molecular diffusion, respectively) are
zero and in the fifth term (divergence of the turbulent flux) only the vertical
flux divergence remains, which when solving for Sc gives:
Sc =

∂ρc ∂(w′ ρ′c )
+
,
∂t
∂z

(3.5)

where a positive value of Sc indicates a source and a negative value indicates
a sink. Since ρc = mc ρa and given Eqs. 3.2 and 3.5:
Sc =

dNEEz
,
dz

(3.6)

In discrete form, Sc for a layer between z1 and z2 can be written as:
Sc,z1→z2 =

NEEz2 − NEEz1
.
z2 − z1

(3.7)

The soil respiration determined with the portable chamber system was used
as the lower boundary of the lowest layer, so that
Sc,0

m→z1

=

NEEz1 − Rs
.
z1

(3.8)
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Partitioning NEEz between gross ecosystem photosynthesis and
respiration
Three approaches were used to partition NEEz, which is −net ecosystem
production below the height z (NEPz), into gross ecosystem photosynthesis
and respiration rates below the height z (P and R, respectively), where
NEPz = P −R. The first approach was to determine R at each level by
fitting a non-rectangular hyperbolic function (NRHF approach) to daytime
NEP vs. PAR (Gilmanov et al., 2003), where daytime is defined as PAR
> 5 µmol m−2 s−1 .
p
ϕPAR + δ − (ϕPAR + δ)2 − 4ϕδγPAR
− R,
(3.9)
NEPz =
2γ
where ϕ is the initial slope of the function, δ is the light-saturated net
photosynthesis and γ is the curvature factor for the inflection point.
Several other studies have had success with this approach applied to the
entire ecosystem in which they used a rectangular hyperbolic function
(Lee et al., 1999; Suyker and Verma, 2001; Griffis et al., 2004). The second
approach was to determine R by fitting a linear regression to low-light level
(5 < PAR < 200µmol m−2 s−1 ) daytime NEPz data following Jassal et al.
(2007) (LL approach). The two approaches were applied once using PAR
measured at each level and once using PAR measured above the canopy.
The third approach was to use nighttime NEPz (PAR = 0, NT approach)
(e.g., Stoy et al., 2006). Since no clear temperature dependence using
nighttime data was found, R in this case was determined as the average
nighttime NEPz over the three week period.

Water use efficiency
Water use efficiency (WUE) is defined as the mass of C (g) assimilated per
unit mass of water loss (kg) by transpiration (Cowan and Farquhar, 1977).
In order to calculate WUE, evapotranspiration rates (E) were determined
using H2 O flux and profile concentration measurements:
Z z
∂ρq
′
′
E = ρa w mq +
dz,
(3.10)
0 ∂t
where mq is the H2 O molar mixing ratio. The rate-of-change-in-storage term
and w′ m′q were calculated with open-path IRGA (i.e., LI-7500) data. WUE
was then determined as WUE = P/E and the inherent WUE was calculated
as WUEi = WUE × D (Beer et al., 2009).
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Ecophysiological approach
Using the EP approach NEE was calculated using:
NEE =

3
X

∆NEEi + Rs ,

(3.11)

i=1

where i is the vegetation layer index (understory (i = 1), secondary structure
(i = 2) and overstory (i = 3)) and ∆NEEi (µmol m−2 ground s−1 ) is the CO2
exchange within the vegetation layer i, which was calculated using:
∆NEEi = Abr LAIi,br + Aco LAIi,co + Rb,d BAIi,b,d + Rb,l BAIi,b,l ,

(3.12)

where A is the leaf-level net assimilation rate (µmol m−2 leaf s−1 ) of living
leaves, LAIi (m2 leaf/m2 ground) is the vegetation-specific leaf area index
in layer i. The subscripts br and co stand for broadleaf and coniferous
vegetation, respectively. Rb,d and Rb,l are the bole respiration rates
(µmol m−2 bole s−1 ) and BAIi,b,d and BAIi,b,l are the surface fractions (m2
bole surface/m2 ground) within layer i of dead and living boles, respectively.
Dead needle respiration was neglected, as measurements showed that their
respiration rates were very small and less than measurement resolution of
the LI-6400 and the chamber system.
In a first step, light response curves for A were established for broadleaf
and coniferous leaves separately. The non-rectangular hyperbolic function
in Eq. 3.9 that was used at a layer level previously was here combined with
a humidity factor (HF) and fitted to the data (Gilmanov et al., 2013) on a
leaf level:

A=

ϕPAR + δ −

p

(ϕPAR + δ)2 − 4ϕδγPAR
HF − Rf ,
2γ

(3.13)

where Rf is the foliage respiration rate and HF depends on D as follows
(McCallum et al., 2013):
HF = exp(−ηD),

(3.14)

where η (kPa−1 ) is a fitting parameter.
The vegetation-specific LAI for each of the three layers was based on
the species-specific LAI from Bowler et al. (2012), which was determined in
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2008 and 2009 and assumed to also be applicable in 2010. Broadleaf vegetation belonged entirely to the ground coverage and small bushes. Small trees
were typically 2 to 3 m tall. Therefore, all LAI associated with broadleaf
plants, conifer seedlings and saplings, and a third of the small-tree LAI was
assumed to belong to the understory layer (LAIunderstory,br = 1.088 m2 m−2 ,
LAIunderstory,co = 0.077 m2 m−2 ), while the remaining two thirds of the
small-tree and all tall-tree LAI was assumed to belong to the secondary
structure layer (LAIsecondary,co = 0.400 m2 m−2 ). It was assumed that
there were no living leaves in the overstory layer (i.e., LAIoverstory = 0).
More information on how these LAI values were determined can be found
in Appendix G. Total LAD of each layer is shown in Fig. 3.2.
In order to calculate net assimilation for the entire campaign, D was
calculated from mq measured by the open-path IRGAs at all measurement
levels. For times when mq data were not available, D was calculated
using the HMP RH measurements. The values of PAR and D at 1-m
height were used for the understory layer and the average of PAR and
D at 2.7, 7.6 and 11.9-m height were used for the secondary structure
layer. Net assimilation was calculated at a 1-min resolution and then
averaged over 30 min; however, for D only 30-min averages were available,
and D was assumed constant for the entire half hour. For the broadleaf
vegetation a spherical-leaf-angle distribution was assumed and intercepted
light was calculated according to (Eq. 15.6 in Campbell and Norman, 1998).
In a second step, bole and soil respiration rates (i.e., Rb and Rs ) were
determined from the rate of change in the CO2 molar mixing ratio, mc , in the
chamber headspace after placement of the chamber on the collar following
Gaumont-Guay et al. (2006):
Rb and Rs =

ρa V dmc
,
a dt

(3.15)

where V and a are the chamber headspace volume and the area covered by
the chamber, respectively. The dependence of Rb on TB was then established
by fitting the following Q10 relationship (Gaumont-Guay et al., 2006) to the
Rb data from all boles.
TB −10

Rb = R10 Q10 10

(3.16)

where TB is in ◦ C, R10 is Rb at TB = 10 ◦ C and Q10 is the temperature
sensitivity of Rb (i.e., the relative increase in Rb for a 10 K increase in
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TB ). The average just-below-bark temperature (north and south side
measurements of a living subalpine fir tree and a dead lodgepole pine tree
averaged) measured at the same time as the chamber measurement was
used as TB to establish this relationship and later to calculate the exchange
rates for the entire campaign. A logarithmic transformation together with
a linear regression was employed for Rb,l as described by Morgenstern et al.
(2004), since a non-linear ordinary least squares fit assumes homogeneous
variance in the data (Tabachnick and Fidell, 2001), which was not observed
for Rb,l . The root mean square error (RMSE) was calculated based on the
logarithmic transformation. For Rs as in the case of nighttime R mentioned
above, no clear Ts dependence was found and therefore, the average Rs
over all soil collars and days was used as Rs for the entire campaign.
The bole surface area of living and dead boles in each layer per unit
ground area was determined from layer-specific bole volume fractions from
Chapter 2. The resulting BAI values were: BAIunderstory,b,l = 3.01 × 10−2 ,
BAIsecondary,b,l = 2.20 × 10−2 , BAIoverstory,b,l = 0, BAIunderstory,b,d =
3.61 × 10−2 , BAIsecondary,b,d = 17.63 × 10−2 , BAIoverstory,b,d = 2.35 × 10−2 .
Branches were neglected. Details on how BAI of the different layers was
determined can be found in Appendix E. Using the EP approach, Sc in
each vegetation layer was then determined by dividing ∆N EEi by the
vegetation layer thickness.

3.3
3.3.1

Results and discussion
Climatic conditions

The weather at the site varied over the course of the campaign from moderate
conditions towards the beginning of the campaign to warm and very dry
conditions towards the end (Fig. 3.3). Ta , D and Ts increased and θs
decreased over the course of the campaign. Only on four days (21, 22, 30
and 31 July) were small amounts (< 1 mm day−1 ) of precipitation recorded,
while only on 22 July did the precipitation result in an increase in soil
moisture content. July and August of 2010 were particularly dry compared
to previous years and relatively warm (Brown et al., 2013). The evaporative
fraction (QE /(QE + QH ); Barr et al., 2006) measured above the canopy was
generally low (< 0.4) corresponding to high Bowen ratios (β = QH /QE )
(> 2). The evaporative fraction had a decreasing trend over the course of the
campaign. The conditions were generally sunny with some convective clouds
in the afternoon. Only on 22 July was the radiation substantially reduced
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over the entire day. Very little reduction of PAR compared to above canopy
values (PARtop ) (Fig. 3.4) was found in the upper canopy where LAD was
small (Fig. 3.2). The decrease of PAR increased with depth into the canopy
where LAD was larger. The penetration of PAR through the canopy was
largest around midday, when up to 70 % of PARtop was recorded at the 1-m
height. At the same time, vertical PAR gradients were largest close to the
ground but were smallest in the upper part of the canopy compared to the
other times of the day. When the solar altitude was low, PAR gradients
were small close to the ground, while they were larger above. On average,
almost 60 % of the daily PARtop reached the 1-m height, which is the same
as the value for S reported in Chapter 2.

3.3.2

CO2 fluxes over the course of the campaign

The air-column-storage-corrected CO2 flux density below z/h = 0.06, 0.6
and 1.34 corresponding to the levels just above the understory, secondary
structure and above the canopy, respectively, is shown in Fig. 3.5. Substantial downward fluxes (NEEz < 0) were recorded above the canopy during
the daytime, implying that the ecosystem was taking up CO2 . NEEz was
also negative at the two other levels during daytime. During nighttime the
fluxes were upward (NEEz > 0) but in magnitude mostly smaller than the
daytime flux. While the magnitude of NEEz increased substantially from
the top of the understory (z/h = 0.06) to the top of the secondary structure
(z/h = 0.6), on some days it stayed nearly constant and even decreased
slightly during daytime between z/h = 0.6 and z/h = 1.34. The magnitude
of the afternoon NEEz at all levels and in particular NEEz of the understory (z/h = 0.06) decreased over the course of the campaign, indicating
that the extended dry period affected the CO2 uptake by the plants. The
extended dry period has a larger effect on understory broadleaves than on
the coniferous secondary structure in this canopy.

3.3.3

Diurnal cycle and flux profiles

The ensemble-averaged diurnal cycle of c (determined from LI-840 measurements), the standard deviation of vertical wind (σw ), the rate of CO2
storage change in the air (∆Fs ; determined from LI-7500 measurements),
and NEEz at all seven levels are shown in Fig. 3.6. Between shortly before
sunset (19:00) and shortly after sunrise (5:00), c increased almost linearly
by 60 to 80 µmol mol−1 and the increase was the largest close to the
ground compared to the other levels. At the same time, σw being used here
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Figure 3.3: (a) Half-hourly averages of above-canopy photosynthetically active radiation (PAR), (b) half-hourly averages and daily average air temperature Ta at the 6-m height determined from HMP measurements, (c)
half-hourly averages of vapour pressure deficit (D) at the 6-m height determined from HMP measurements, (d) half-hourly averages of soil temperature (Ts ) at the 0.025-m depth, (e) half-hourly averages of volumetric soil
water content (θs ) at the 0.1-m depth and daily total precipitation, and (f)
daily (24-h) average evaporative fraction (QE /(QE + QH )) and Bowen ratio
(β) above the stand for the three-week period of the campaign in 2010.
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Figure 3.5: Half-hourly averages of NEEz over the course of the campaign
in 2010 just above the understory (z/h = 0.06), at the top of the secondary
structure (z/h = 0.6) and above the canopy (z/h = 1.34).
as a measure of turbulence, was relatively low
q at all levels and was highly
2
2
correlated with the friction velocity (u∗ = u′ w′ + v ′ w′ ). While other
studies have reported cases of intermittency occuring during nighttime
(e.g., van Gorsel et al., 2007), there was only an indication of intermittency
during one night (18 July, at the top two levels). At 6:00, one hour after
sunrise and at the same time as σw increased, c at all levels dropped
remarkably until it stayed almost constant from 11:00 to 19:00. Two hours
after the turbulence increased, the atmosphere became well mixed and the
concentrations were almost constant throughout the canopy and above.
The measured flux (Fc ) was generally upward at nighttime and there
was a sharp increase in Fc around 6:00, the same time when c started
to decrease. This increase, however, vanished when taking the rate of
CO2 storage change (Fig. 3.6d) into account, i.e., NEEz was close to
zero, implying that the measured flux was related to an early morning
flushing of CO2 similar to that described by Yang et al. (1999) for a
boreal aspen stand. During the study period, the steady increase in c
over night and the flushings in the morning were regularly observed (on
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at least 11 days). Similar findings have been reported by Grace et al.
(1995, 1996) in tropical forests and are evident in the measurements
reported by Goulden et al. (2006).
After 6:00, Fc and NEEz were
generally negative and therefore directed downward during the daytime,
with the magnitude of downward NEEz being largest between 7:00 and
10:00, implying that net photosynthesis was strongest at this time of the day.
As can also be seen in Fig. 3.7a, during daytime, NEEz decreased with
height from the ground to z/h = 0.38 and then increased only slightly
with height. The downward flux was strongest in the early morning (6:00)
when D was lowest and θs was highest during the day. When using
average soil chamber measurements as the lower boundary condition for
the lowest layer, the strongest CO2 uptake during daytime was found in
the lowest layer (z/h < 0.06, Sc = −2.5µmol m−3 s−1 ), where all the
understory vegetation was found (Fig. 3.7 b). The secondary structure
layer (0.06 < z/h < 0.60) was also a relatively strong CO2 sink of up to
0.5 µmol m−3 s−1 . The overstory showed small positive Sc , indicating
that respiration dominated over photosynthesis in this layer. However,
also above the canopy Sc was slightly positive, which could be caused
when the turbulent source area was larger than the fetch, e.g. during
relatively stable conditions. At nighttime, NEEz also decreased with height
below z/h = 0.14, resulting in an unrealistic CO2 sink, which indicates
the possible occurrence of advection since photosynthesis is not possible
at night. Large scale advection or dispersive fluxes might have played
a role here. Dispersive fluxes are typically larger lower in the canopy
than at the top (Bohm et al., 2000; Aubinet et al., 2012) and can be
significant in sparse canopies (Christen and Vogt, 2004; Poggi et al., 2004b;
Poggi and Katul, 2008). Above z/h = 0.14, NEEz increased with height
resulting in an almost equally strong CO2 source throughout the rest of the
canopy and above the canopy.
Fig. 3.8a shows the average soil respiration determined with the soil
chamber system (spatially and temporally averaged) and the ensembleaveraged daytime NEEz partitioned into R and P using the different
methods described in Sec. 3.2.3 (more details on the partitioning analysis
and a robustness test can be found in Appendix H). All partitioning
methods show relatively similar results, with only the method based on
nighttime NEEz resulting in larger P and R values in the upper canopy and
above. Fig 3.8b shows the photosynthetic and respiratory flux divergences
(∆P/∆z and ∆R/∆z, respectively) based on the partitioning method using
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the relationship between low-light level daytime fluxes and PAR above
the canopy. Soil respiration was used as the lower boundary condition for
calculating ∆R/∆z in the lowest layer. The lower boundary condition for
calculating ∆P/∆z in the lowest layer was zero since no photosynthesis
occurs in the ground.
R decreased close to the ground and increased with height above, resulting in a negative ∆R/∆z in the lowest two layers and slowly decreasing
positive ∆R/∆z with height above. A negative ∆R/∆z means that the
flux of R decreases with height. This is physically not possible but rather
indicates measurement difficulties due to changing source areas or because
of advection and a changing contribution of dispersive fluxes. Furthermore
the lower boundary condition of the lowest layer, i.e. Rs was assumed
constant in time and space for the entire campaign and was determined
with an independent approach, which could have led to discrepancies. For
z/h ≥ 0.38, ∆R/∆z was positive and decreased slowly with height. This
corresponded to the distribution of tree boles and needles in the canopy,
with considerable vegetation in the lower canopy while there was less and
only dead vegetation in the upper canopy. P increased relatively strongly
with height in the understory and secondary structure layers (below
z/h = 0.6) and stayed approximately constant above. This resulted in the
strongest photosynthetic activity being where the understory was located
(approximately 1.0 µmol m−3 s−1 ) and substantial photosynthetic activity
of up to 0.4 µmol m−3 s−1 in the secondary structure layer, while in the
overstory layer ∆P/∆z was < 0.1 µmol m−3 s−1 .

3.4
3.4.1

Comparison of eddy-covariance and
ecophysiological approaches
Ecophysiological results

For the ecophysiological approach, light response curves for leaf-level CO2
assimilation of coniferous and broadleaved components were optimized and
dependence of respiration components on temperature were established
(Fig. 3.9a and b). Assimilation rates were strongly influenced by D. The
parameters for A in Eq. 3.13 were ϕ = 0.056, δ = 34.933 µmol m−2 s−1 ,
γ = 2.995 × 10−5 , Rf = 0.366 µmol m−2 s−1 , η = 0.834 kPa−1 for conifers
and ϕ = 0.061, δ = 24.223 µmol m−2 s−1 , γ = 8.931 × 10−6 , Rf = 0
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Figure 3.7: (a) Ensemble-averaged air-column storage corrected flux profiles
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µmol m−2 s−1 , η = 0.353 kPa−1 for broadleaf vegetation.
A strong temperature dependence was found for Rb,l (Fig. 3.9c)
using the Q10 function (Eq. 3.16) resulting in R10 = 0.952 µmol m−2 s−1
and Q10 = 1.836 (RMSE = 0.55 µmol m−2 s−1 ). However, as indicated
earlier, no clear dependence of Rs on soil temperature was found. This
can be explained by the fact that the soil moisture levels were very low
(θs < 5%). Jassal et al. (2008) found in a temperate Douglas-fir stand that
for θs < 11%, Rs becomes decoupled from soil temperature. An average
value of Rs (averaged over all collars and all days, number of samples =
170) of 1.36 µmol m−2 s−1 (standard deviation = 0.61 µmol m−2 s−1 ) was
used for the entire campaign.
Measured Rb,d were very low and varied between −0.10 and 0.32
µmol m−2 s−1 . The fluctuations of CO2 molar mixing ratios in the
measurement chamber (due to noise and measurement error) were large
compared to mc increases due to bole respiration during the 1 to 2 min
measurement period. Furthermore, cracks in dead boles below the bark
could have led to air leakage into or out of the chamber. In the case of
dead-bole respiration, there was no clear dependence on TB . The median
Rb,d of 0.05 µmol m−2 s−1 (25 percentile: −0.03 µmol m−2 s−1 and 75
percentile: 0.23 µmol m−2 s−1 ) was used for the entire campaign.

3.4.2

Comparison

In this section, NEE and the contributions of the three vegetation layers
to the overall NEE (∆NEEz ) based on the EP and EC approaches are
compared. The average value of Rs mentioned above (1.36 µmol m−2 s−1 )
was used in both approaches. Fig. 3.10 shows half-hourly ∆NEEz and
NEE, and Fig. 3.11 shows the ensemble averaged diurnal cycle of ∆NEEz
for the three vegetation layers and the two approaches.
In the understory layer, the two approaches showed comparable ∆NEEz
during the nighttime, which were close to zero. During the daytime,
EP downward flux contributions were usually much larger. Only on
some days with low PAR and sometimes with high D, fluxes of the two
approaches were comparable. The impact of the distribution of small tree
LAI to the different layers on the vertical EP flux distribution was tested.
Variation of understory small tree LAI contributions between 0 % and 66 %
(corresponding to small tree contributions to the secondary structure layer
87

3.4. Comparison of eddy-covariance and ecophysiological approaches

10

(a) Overstory

0

EP
EC

ΔNEE (μmol m−2 s−1)

−10
10

(b) Secondary structure

0

−10
10

(c) Understory

0

NEE (μmol m−2 s−1)

−10
10

(d) Entire stand

0

−10

15

16

17

18

19

20

21

22

23
July

24

25

26

27

28

29

30

31

01

02 03
August

Figure 3.10: Half-hourly NEE contributions (∆NEEz ) over the course of
the campaign in 2010 of the three vegetation layers ((a) understory, (b)
secondary structure and (c) overstory) determined using the eddy-covariance
(EC) and ecophysiological (EP) approaches and (d) NEE determined using
the two approaches. Some individual values of measured Fc that were larger
than 10 µmol m−2 s−1 and smaller than -15 µmol m−2 s−1 are not shown.
Two days at the bginning of the campaign were not used for the comparison
because of missing bole temperatures.
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Figure 3.11: Ensemble-averaged diurnal cycle of the NEE contributions
(∆NEEz ) of the three vegetation layers ((a) understory, (b) secondary structure and (c) overstory) determined using the eddy-covariance (EC) and
ecophysiological (EP) approaches and (d) NEE determined using the two
approaches for the period 15 July to 15 August 2010.
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of 100 % and 33 %, respectively) resulted in daytime flux differences of
< ± 5 % in the understory and < ± 15 % secondary structure layer. Both
approaches indicated that the daytime flux magnitudes decreased towards
the end of the campaign. For the secondary structure, ∆NEEz of the two
approaches was very similar. EC measurements, however, showed slightly
larger variations over the course of the day. In the overstory layer during
daytime, the EC approach showed mainly positive values of ∆NEEz with
relatively large variations. At night, however, ∆NEEz was close to zero
(0.0001 µmol m−2 s−1 ). The EP approach resulted in a constant positive
flux close to zero (0.0017 µmol m−2 s−1 ).
Overall, the EP approach resulted in larger magnitude of NEE, more
than twice that of the EC-determined NEE during some hours of the day
mainly due to the substantial flux contribution of the understory layer. On
average the daytime Sc of the understory determined with the EP approach
(see Table 3.2 and Fig. 3.12) was −3.20 µmol m−3 s−1 , which is almost
2.6 times the magnitude of that determined using the EC approach (−1.24
µmol m−3 s−1 ). However, in both approaches, the understory was the
largest CO2 sink compared to the other layers. For the secondary structure
layer, both approaches determined almost the same ensemble-averaged
daytime sink strength of Sc,EP = −0.17 µmol m−3 s−1 and Sc,EC = −0.18
µmol m−3 s−1 , while for the overstory the EP approach resulted in a source
strength close to zero and the EC approach a small source strength of
0.02 µmol m−3 s−1 . Even with a small layer thickness, the understory
was the largest contributor to the overall NEE with the EP approach
(ensemble-averaged ∆NEEz = −3.82 µmol m−2 s−1 compared to −1.72 and
0.00 µmol m−2 s−1 for the secondary structure and overstory, respectively).
With the EC approach, the magnitude of the ensemble-averaged ∆NEEz
of the secondary structure layer was slightly larger (−1.82 µmol m−2 s−1 )
than of the understory (−1.49 µmol m−2 s−1 ), while that of the overstory
was 0.18 µmol m−2 s−1 .
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Figure 3.12: Ensemble-averaged vertical distribution of CO2 sources and sinks (Sc ) summarized for the three
vegetation layers based on (a) the eddy covariance approach and (b) the ecophysiological approach.
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3.4. Comparison of eddy-covariance and ecophysiological approaches
There are several possible explanations for the differences in the understory layer. On one hand, there are many uncertainties involved in the
modelling of EP fluxes. An overestimation of LAI in this layer is possible
as well as an overestimation of assimilation rates since leaf clumping was
not considered in this analysis. Several other biases using photosynthesis
measurement systems have been discussed in the literature, like difficulties
to capture high natural variability in photosynthesis (Baldocchi, 2003),
acclimatization of leaf photosynthesis to sunny conditions and vertical
gradients in photosynthetic capacity (Ellsworth and Reich, 1993). Biases
when using the respiration chamber include disturbance of local wind,
which in this canopy with low wind speed are small and alteration of
the heat and water balances (Livingston and Hutchinson, 1995) of the
soil or boles. High CO2 concentrations from the operators breath could
have an effect if the seal between the chamber and collar is not perfect.
Furthermore, uncertainties in LAI and BAI and their relative attribution
to layers are added when scaling up to canopy scale.
On the other hand, EC measurements close to the ground are challenging
because essential assumptions can fail in the canopy. Even though energy
balance closure (EBC) seemed to be relatively high close to the ground
(Chapter 2), a closer analysis showed that the high values were mainly due
to averaging of relatively large variations. During daytime when steady
atmospheric conditions are prevalent and since the site has a flat terrain
and homogeneous fetch, NEE determined with the EC approach above the
canopy can be assumed to be reliable (Baldocchi, 2003). Since under these
conditions above the canopy the EP approach showed substantially larger
downward fluxes than the EC approach, there is an indication that the EP
approach might have overestimated the CO2 assimilation in the understory
or underestimated the respiration of the dead boles. A study at the same
site conducted in 2007, 2008 and 2009, where gross ecosystem photosynthesis
(GEP) above the canopy determined by the EC approach was compared to
EP photosynthesis measurements also resulted in a similar discrepancy as
in our study (Bowler et al., 2012). Since LAI in our study was based on
the LAI in Bowler et al. (2012) and both studies showed larged understory
EP photosynthesis rates, an overestimation in LAI of the understory would
be possible. At nighttime, however, EC results must be interpreted with
caution since EBC closure was poor (Chapter 2) and advection of CO2
could possibly have occured.
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Table 3.2: Source/sink strength in the three vegetation layers (understory,
secondary structure and overstory) determined using the eddy-covariance
(EC) and the ecophysiological approaches (EP), and photosynthetic and
respiratory flux divergence determined using the EC measurements and the
LL method
Vegetation layer
Understory
Secondary structure
Overstory

3.5

Sc,EP
µmol m−3 s−1
-3.20
-0.17
0.00

Sc,EC
µmol m−3 s−1
-1.24
-0.18
0.02

∆PEC /∆z
µmol m−3 s−1
1.18
0.27
0.05

∆REC /∆z
µmol m−3 s−1
-0.06
0.09
0.07

Water use efficiency

The sinks of CO2 during daytime in our stand were distributed throughout
the understory and secondary structure layer (see Section 3.3.3), while
latent heat and therefore water vapour originated mainly from the ground
(Chapter 2). The dissimilarity in CO2 sinks and H2 O sources implies
changing WUE with height in this canopy during daytime.
To determine the ensemble-averaged daytime WUE (Fig. 3.13b),
the ensemble-averaged daytime water vapour mass flux density and the
photosynthetic contribution to the CO2 mass flux density were determined
(Fig. 3.13a). While P increased with height for z/h < 0.60, where most
of the living vegetation was located, E varied only slightly with height
throughout the entire canopy. Above z/h = 0.60, P stayed roughly
constant. The ensemble-averaged daytime WUE increased with height for
z/h < 0.38, which indicated that foliage higher in the canopy had a greater
WUE than lower in the canopy. WUE stayed approximately constant in
the upper part of the canopy (z/h > 0.38). Mkhabela et al. (2009) studied
WUE at several forest sites disturbed by fire and harvesting and found
that recently disturbed sites tend to use water less efficiently. In their
study, very open sites had WUE < 2 g C kg−1 H2 O, while full canopy sites
ranged between 2 and 2.6 g C kg−1 H2 O. In our study, ensemble-averaged
daytime WUE varied with height between approximately 2.3 and 6.5
g C kg−1 H2 O. Even though the stand was a disturbed site with a sparse
canopy, WUE was relatively high in the upper canopy, especially due to
the rapid increase in P relative to E for 0.14 < z/h < 0.4. There was little
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P and E contributed by the upper canopy. WUE specific to the understory
and secondary structure layer was also determined as WUE = ∆P/∆E.
WUE of the understory and the secondary structure layers were 2.26 and
18.08 g C kg−1 H2 O, respectively. These findings fit well with the fact
that the flux contributions of the understory were more affected by the dry
conditions than the secondary structure. The ensemble-averaged vertical
profile of the daytime inherent water use efficiency (WUEi ) showed a
similar pattern as WUE but values were roughly 20 % larger.
Ensemble-averaged daytime WUE and WUEi for the first (14 to 20
July), second (21 to 27 July) and third weeks (28 July to 3 August) of the
campaign were determined (Fig. 3.13c) to assess the canopy’s behaviour as
conditions became drier. Between the first and second weeks, the changes
in WUE were small. During the third week, when drought effects became
more pronounced, WUE values in and just above the understory layer
(z/h < 0.14) were similar to the previous weeks but increased by roughly
20 % in the upper canopy. WUEi showed a significant increase from the
first to the second week and even higher values in the third week for
z/h ≥ 0.38 reaching values of up to 10.9 g C kPa kg−1 H2 O. In comparison,
Vickers et al. (2012) found WUEi values of about 6 g C kPa kg−1 H2 O
above a young ponderosa pine stand during seasonal drought conditions. In
the lower canopy (z/h < 0.14), WUEi changed only from the second to the
third week and changes were smaller than above. WUEi is an indication
for how well plants adjust to climatic conditions (Beer et al., 2009). In
this forest, the secondary structure layer consisting only of conifers was
clearly more able to adjust to the extended dry period than the broadleaf
understory.
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Figure 3.13: Ensemble-averaged daytime (a) P and E and (b) WUE and WUEi over the entire campaign. (c)
Ensemble-averaged daytime WUE and WUEi for the first (14 to 20 July), second (21 to 27 July) and third week
(28 July to 3 August) of the campaign.
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Summary and conclusions

In this study, two independent approaches were assessed to determine
the vertical distribution of CO2 sources and sinks within and above the
canopy of a lodgepole pine stand that had been attacked by mountain
pine beetle. The first, the eddy-covariance (EC) approach, used EC
measurements of CO2 flux at seven heights in and above the stand,
while the second, the ecophysiological (EP) approach, used chamber CO2
exchange measurements on foliage and boles weighted by leaf and bole
surface area. Both approaches were consistent in the vertical distribution
of sources and sinks for three different layers of vegetation - understory
dominated by broadleaf shrubs, secondary structure consisting of conifer
trees (dead and live) and overstory with only dead pine trees; however, the
magnitudes varied between the approaches.
Strong CO2 flushing was regularly observed in the morning and measurement of air-column CO2 storage change was important to determine the
actual CO2 exchange of the vegetation layers by means of EC. Combining
CO2 storage changes and eddy fluxes made it possible to determine CO2
flux contributions during the daytime; however, during the nighttime
limited mixing made it difficult to reliably determine fluxes.
Relatively good agreement was found between rectangular hyperbolic
and linear light response methods of partitioning NEEz between R and
P as a function of height in the canopy, while using the respiration
relationship obtained from nighttime NEE measurements tended to
somewhat overestimate R and therefore P .
Over the entire campaign, EC measurements indicated that the stand
was a sink for CO2 . Photosynthesis of the living vegetation exceeded the
respiration of the living and dead vegetation and soil within the stand
during daytime. The secondary structure and especially the understory
layers were CO2 sinks, implying that the secondary structure and especially
ground coverage were responsible for this MPB-attacked stand being a CO2
sink. The EC approach also indicated that the dead boles were weak CO2
sources, while the soil was a strong CO2 source.
The water use efficiency (∆P/∆E) of the secondary structure layer was
eight times higher than that of the understory layer. Cumulative WUE
(i.e., sum P /sum E up to height z) increased from the ground to the top
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of the secondary structure and varied between 2.3 and 6.5 g C kg−1 H2 O.
Inherent water use efficiency (WUEi ) of the secondary structure increased substantially over the course of the campaign, while understory
WUEi changed little. This implies that the secondary structure consisting only of conifers clearly exhibited adjustment to the extended dry period.
These measurements showed that the secondary structure was responsible for a large portion of the CO2 uptake as was postulated by
Brown et al. (2012a); however, the understory was a similarly large or even
larger contributor to the uptake. Very likely, the open-stand structure with
as much as 60 % of of the daily above-canopy photosynthetically active
radiation reaching the 1-m height and wind protection by standing dead
trees were responsible for a favorable microclimate supporting the growth
of and the CO2 uptake by the immature vegetation.
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Chapter 4

Flux-gradient relationships
within and above the canopy
4.1

Introduction

A common method to determine fluxes (”flux” will be used but flux density
is implied) in the surface layer is the flux-gradient method which is based
on scalar gradients and empirical relationships (Monteith and Unsworth,
2008). The eddy diffusivity (K) needs to be known to determine the flux
when the corresponding scalar gradient is known. The eddy diffusivity, also
called the turbulent transfer coefficient, is a constant of proportionality,
which relates a scalar gradient to its flux densities and is based on gradient
diffusion theory (also called K-theory) and has the units of m2 s−1 . There
are several approaches to calculate K, all of which are based on the
Monin-Obukhov similarity (MOS) theory. MOS theory uses dimensional
similarity to determine transport in the surface layer, which is the layer
close to the surface in which the fluxes vary vertically by less than 10 %
and is therefore also called the constant-flux layer (Stull, 1988).
The flux-gradient method is relatively reliable in the upper part
of the surface layer, the inertial sublayer, in which the structure of
turbulence depends only on scales such as the friction velocity and
height (Monteith and Unsworth, 2008). However, in the layer below,
the roughness sublayer, the flux-gradient method may result in incorrect
estimation of fluxes. The roughness sublayer is defined as the layer in
which the flow is strongly influenced by the individual roughness elements
and is therefore not spatially homogeneous (Cheng and Castro, 2002).
Furthermore, Denmead and Bradley (1987) showed that counter-gradient
fluxes can be found within canopies, which are located inside the roughness
sublayer. Finnigan (1985) stated that flux-gradient relationships only work
when the scale of the mechanism that produces the flux is much smaller
than the scale of the gradients. Several studies (e.g. Thom, 1975) found
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that the wind profile did not follow the logarithmic profile as usually seen
in the surface layer. They observed an exponential decay of windspeed
within the plant canopy. Raupach et al. (1996) showed that the behavior
inside the canopy resembled the behavior of a mixing layer, with an
inflection point at the top of the canopy. The inflection point might trigger
Kelvin-Helmholz instabilities, which generate coherent structures and cause
intermittency making the use of K-theory problematic (Raupach et al.,
1996). I acknowledge the results from various studies that K-theory is not
generally applicable within a forest canopy; however, these studies were
mainly conducted in relatively dense or closed canopies. Studies have found
that K-theory might be applicable in certain conditions in some canopies
e.g., in crop canopies (Bache, 1986).
In this study, turbulent exchange in an open-canopy forest stand with
a leaf area index (LAI) of 0.55 m2 m−2 is examined. In Chapter 3, it was
found that this canopy behaves relatively differently from dense canopies
and that nighttime intermittency typically found in denser forest canopies
was not observed. The complexity of turbulent transport in forest canopies
usually require higher order closure models (e.g., Wilson and Shaw, 1977),
but if K-theory is applicable in this sparse and open-canopy forest, simpler
models (one-and-a-half-order closure) could be used.
Given that previous results in this study differed from those obtained in
studies of denser canopies, the objective of this chapter was to determine
whether K-theory can be used in such an open-canopy stand. In order to
meet this objective the following questions were addressed:
(i) Is there a well-defined relationship between fluxes and gradients? Are
there times when counter-gradient fluxes occur?
(ii) During times when gradient diffusion occurs, does the exchange match
predictions using MOS theory? How does the eddy diffusivity change with
height within and above the canopy?
(iii) Can scalar similarity between momentum, sensible heat, latent heat and
carbon dioxide (CO2 ) be observed in this open-canopy stand?
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Theory

The flux-gradient method builds on the transfer equation for turbulent transport (Monteith and Unsworth, 2008):
Fs = −ρa wls

∂ms
,
∂z

(4.1)

where Fs is the flux of a scalar s, ρa is the density of dry air, w is the mean
velocity (in our case the vertical mean wind velocity), ls is the mixing
length for turbulent transport of s, ms is the mixing ratio of s and z is
the height above ground. The bar stands for the temporal average. The
averaging period must be chosen to be longer than time scales of eddies
that are responsible for transporting the flux. An averaging period of 30
min is typically used.
The quantity wls can be summarized as the turbulent transfer coefficient
or eddy diffusivity Ks , so that Eq. 4.1:
Fs = −ρa Ks

∂ms
.
∂z

(4.2)

In the case of the momentum flux (M ), Eq. 4.2 becomes:
M = −ρKM

∂u
,
∂z

(4.3)

where KM is the eddy diffusivity for momentum and u is the mean horizontal
windspeed. Since the shear stress (τ ) is defined as τ = −M , it can be
expressed as:
∂u
.
(4.4)
τ = ρKM
∂z
Analogous to the above, the flux-gradient equations for the sensible heat
flux density (QH in W m−2 ), the latent heat flux (QE in W m−2 ) and the
CO2 flux density (Fc in µmol m−2 s−1 ) can be written as:
QH = −KH ρa cp
QE = −KE λ
FC = −KC

∂θ
,
∂z

∂ρq
,
∂z

∂ρc
,
∂z

(4.5)

(4.6)
(4.7)
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where KH , KE and KC are the eddy diffusivities for sensible heat, latent
heat and CO2 , respectively, θ is the potential temperature, ρq is the
water vapour (H2 O) molar density, ρc is the CO2 molar density, ρ is
the total air density, cp is the specific heat of air, and λ is the latent
heat of evaporation. Under neutral conditions KM = KH = KE = KC
(Monteith and Unsworth, 2008). Webb et al. (1980) found that the mixing ratio gradient must be used for minor constituents such as H2 O and CO2 .
In the surface layer under neutral conditions, the u can be described
using the logarithmic wind profile equation:
u∗
zs
u = ln( )
(4.8)
k
z0
and the gradient of u can then be written as:
u∗
∂u
=
,
∂z
kzs

(4.9)

where k is the von-Kármán
constant (0.40 Foken, 2008), u∗ is the friction
q
τ
−1
velocity (u∗ =
ρ in m s ), zs is a scaling height (m) and z0 is the

roughness length (m), which can also be described as the height at which u
is zero. It is important to note that u is not actually zero at this height, but it
is the height at which the extrapolated inertial-sublayer wind profile is zero.
For unstable conditions u above z0 is smaller and for stable conditions it is
larger than for the neutral case. Therefore the gradient of u is smaller under
unstable and larger under stable conditions than under neutral conditions.
Knowing this, Eq. 4.9 can be expanded for any stability conditions by
multiplying it by a dimensionless stability factor, the stability function (φM
in the case of momentum flux or shear stress) as follows:
∂u
u∗
=
φM ,
(4.10)
∂z
kzs
where φM = 1 for neutral conditions, φM > 1 for stable conditions and φM <
1 for unstable conditions. Rearranging Eq. 4.10 the following expression for
φM is obtained:
kzs ∂u
(4.11)
u∗ ∂z
Similarly, the stability functions for sensible heat (φH ), latent heat (φE ) and
CO2 (φC ) flux can be written as:
φM =

φH =

kzs ∂θ
,
T∗ ∂z

(4.12)
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φE =

kzs ∂ρq
,
q∗ ∂z

(4.13)

φC =

kzs ∂ρc
,
c∗ ∂z

(4.14)

T∗ =

QH 1
,
ρcp u∗

(4.15)

q∗ =

QE 1
,
λ u∗

(4.16)

Fc
.
u∗

(4.17)

where

c∗ =

Combining Eqs. 4.10 and 4.4 and using the surface layer predictions for
φM , KM can also be predicted for the surface layer:
KM =

kzs u∗
.
φM

(4.18)

Analogous, KH , KE and KC can be predicted:
KH =

kzs u∗
,
φH

(4.19)

KE =

kzs u∗
,
φE

(4.20)

KC =

kzs u∗
.
φC

(4.21)

Businger et al. (1971) determined stability functions for the surface
layer empirically during the Kansas experiment in 1968. Dyer (1974) and
Högström (1988) later recalculated them based on the same field data (see
Fig. 4.1), which resulted in (Kaimal and Finnigan, 1994):
(
(1 − 16ζ)−1/4 if − 2 ≤ ζ ≤ 0
(4.22)
φM =
1 + 5ζ
if 0 < ζ < 1
(
(1 − 16ζ)−1/2 if − 2 ≤ ζ ≤ 0
(4.23)
φH =
1 + 5ζ
if 0 < ζ < 1
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where ζ is the dimensionless height, which is a stability parameter. φE and
φC are expected to behave the same way as φH (Monteith and Unsworth,
2008). ζ is calculated as:
ζ = zs /L,
(4.24)
where L is the Obukhov length, which is defined as follows (Foken, 2008):
L=−

u3∗
H
k Tgv Q
ρcp

,

(4.25)

where g is the acceleration due to gravity and Tv is the virtual temperature
(in K), which can however be approximated with the air temperature (Ta ).
To be precise, it would be needed to use the buoyancy flux to calculate
L, but within the measurement accuracy there is no significant difference
to using the sensible heat flux instead (Foken, 2008).The stability regimes
are generally defined as stable if ζ > 0, neutral if ζ = 0 and unstable if ζ < 0.
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Figure 4.1: Predictions of the stability functions (φ) for the surface layer.
The stability functions for sensible heat (φH ), latent heat (φE ) and CO2 (φC )
are expected to behave the same way. The stability function predictions for
momentum (φM ) differ under unstable conditions from φH , φE and φC ,
while they are all the same for stable conditions.

In the inertial sublayer, the flux measurements at one height can be used
to calculate φ and K at any height and for any stability, which will be called
the global scaling. Regarding the roughness sublayer, one possibility would
be to also use the global scaling by using measurements above the canopy and
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apply them to the entire canopy. Another possibility would be to use local
scaling, which uses local fluxes (measured at height z) to determine φ and K.
There are also different possible scaling heights that can be considered for zs .
One would be the height z above the surface. In this case, Eqs. 4.18 - 4.21
predict that K changes linearly with height from the ground under neutral
conditions. In the case of vegetation canopies, the zero-plane displacement
height (d) is usually considered (Monteith and Unsworth, 2008), so that
zs = z − d in all equations above. The zero-plane displacement height is
defined as the height d. It can be regarded as the height at which the
mean drag on the surface appears to act (Jackson, 1981) However, inside
the canopy, using z − d causes problems because z − d is negative for z ≤ d.
Therefore, it is proposed here to use an effective height ze for zs , which is
defined as:


z − d if z ≥ 2d,
(4.26)
ze = d
if d ≥ z < 2d,


z
if z < d.

The choice of ze was informed by the characteristic profiles of K discussed
later in this chapter. Fig. 4.2 shows the four possible combinations (I - IV)
of the two scaling types and the two scaling heights.

4.3
4.3.1

Methodology
Measurement site

Experimental field work was carried out on a 30-m tall scaffold tower in an
open-canopy lodgepole pine (Pinus contorta var. latifolia) stand adjacent
to Crooked River Provincial Park (MPB-03: 55◦ 06’42.8”N, 122◦ 50’28.5”W)
in the interior of British Columbia, Canada. The pine trees in the stand
had been attacked by the mountain pine beetle (MPB, see Chapters 2 and
3) in 2003, which resulted in almost 100 % of the mature pine trees being
killed by 2007 and a low LAI of 0.55 m2 m−2 in 2010. The MPB attack and
the following reduction in canopy density of the previously already relatively
sparse stand (465 stems ha−1 of dead standing pine and 75 stems ha−1 of
living trees of different species taller than 1.3 m and with a diameter at
breast height > 90 mm in 2006) provided a unique opportunity to study
turbulent exchange in a sparse and open canopy. The canopy height (h)
was 20 m. The stand had a relatively rich secondary structure of immature
trees, bushes and ground vegetation < 12 m. The homogeneous fetch was
> 0.6 km in all directions around the tower and featured a flat surface. More
104

4.3. Methodology

scaling height
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global

local

zs = z
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Figure 4.2: The four combinations of scaling types (global and local) and
scaling height types.

information on the field site can be found in Chapters 2 and 3. Photographs
of the measurement site and the instrumentation are shown in Appendix A.

4.3.2

Instrumentation

High-frequency measurements of 3-dimensional wind velocity (u, v and
w), CO2 and H2 O molar density (ρc and ρq , respectively), and air
temperature (Ta ) were made at seven levels on the scaffold tower at the
1.2-, 2.7-, 7.6-, 11.9-, 16.5-, 21.0- and 26.8-m heights (Table 4.1). Wind
and acoustic air temperature (Tac ) measurements were made with seven
ultrasonic anemometers (CSAT3, Campbell Scientific (CSI), Logan, Utah).
Air temperature was also measured with seven fine-wire, fast-response
thermocouples (welded 25 µm bare factory-welded Chr-Con thermocouples
(Type E) were soldered on to TT-E-30-SLE duplex (30 gauge) 3-cm long
supporting Chr-Con wires, which were connected via Omega connectors
to non-shielded Chr-Con extension wire pair (EXPP-E-24S-SLE) which
were connected directly into the data logger wiring panel). Even though
shielding and aspiration would have been desirable for temperature gradient
measurements, this was not possible due to power restrictions. Wind and
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temperature were measured at 5 Hz at the top level and 10 Hz at all other
levels.
Measurements of ρc and ρq were made by employing a combination
of seven open-path infrared gas analyzer (IRGA) (LI-7500, LI-COR Inc.,
Lincoln, Nebraska) and one closed-path IRGA (LI-840, LI-COR). The
seven LI-7500 IRGAs were installed at the seven measurement levels and
measured continuously at a frequency of 5 Hz at the top level and 10
Hz at all other levels. The LI-840 IRGA was connected to seven synflex
tubes (4-mm inner diameter), through which air was sampled from each
of the seven levels sequentially. The LI-840 IRGA output CO2 and H2 O
mole fractions (c and q, respectively). All synflex tubes had the same
length to avoid pressure differences. During every half hour, the system
sampled sequentially for 3 min 25 s per level for each of the seven levels
from bottom to top using a gas multiplexer with solenoid valves. The flow
rate through the tubing was 5 l min−1 , and the flow rate into the IRGA
was approximately 0.6 l min−1 while the surplus gas was bypassed. The
pump used was a micro diaphragm pump (Model NMP850KNDCB, KNF
Neuberger, Oxfordshire, Great Britain). Due to power limitations, it was
not possible to employ seven LI-840 systems measuring at all levels continuously. The LI-7500 IRGAs also measured air pressure (p) at the seven levels.
Except LI-840 measurements, all measurements at the lowest 3 levels
were recorded on a CR3000 datalogger (CSI), while all but the LI-840 measurements at the 11.9-, 16.5- and 21.0-m height and the thermocouple measurements at the 26.8-m height were recorded on a separate CR3000 datalogger. Both dataloggers were kept in the same white, sealed datalogger
box and protected from the sun. All other measurements but the LI-840
measurements at the 26.8-m height were recorded on a CR1000 datalogger
(CSI), which was kept in a separate white and sealed datalogger box. LI-840
measurements were recorded on a separate CR1000 datalogger which was
placed inside a white sealed box together with the LI-840 system. More details on the instrumentation used in this chapter can be found in Chapters
2 and 3.
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Table 4.1: Instrumentation and measurements conducted at each of the seven levels (1.2-, 2.7-, 7.6-, 11.9-, 16.5-,
21.0- and 26.8-m heights). One instrument of each type was installed at each level except the LI-840 IRGA where
there was only one instrument installed at the bottom of the tower, which sampled air sequentially from each level
through synflex tubing.
Instrument

Model

Manufacturer

Ultrasonic anemometer/thermometer
Thermocouple
Open-path infrared gas analyzer
Closed-path infrared gas analyzer

CSAT3
Type E, 0.0254 mm
LI-7500
LI-840

Campbell Scientific Inc.
custom made
LI-COR Inc.
Campbell Scientific Inc.

Except at the 26.8-m height, where the measurement frequency was 5 Hz.

Measurement
Frequency
10 Hz a
10 Hza
10 Hz
1 Hz

4.3. Methodology

a

Measured
Variables
u, v, w, Tac
Ta
ρc , ρq , p
c, q
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4.3.3

Calibration

Wind, shear stress and sensible heat flux
Six of the seven ultrasonic anemometers employed in this study (lowest six
levels on the tower) were intercompared in the field between 27 May and 15
June 2009 (Liss et al., 2009). The sensors were all installed side-by-side (approximately 1.6-m separation) at 2.5-m height above a flat unmanaged grass
covered terrain (average grass height during intercomparison was 1.3 m) on
Westham Island, Delta, BC (123.1768◦ W, 49.0863◦√N). Half-hour averages of
the three-dimensional vector wind speed (VEC = u2 + v 2 + w2 ), the kinematic shear stress (u′ w′ ) and kinematic heat flux (w′ T ′ ) were determined.
The overbar denotes half-hourly averaging and the primes indicate fluctuations from the average. The average VEC during the intercomparison was
2.46 m s−1 . Since the vertical wind contributed only very little to the overall
wind speed (on average < 0.02 m s−1 ) this can be treated as the horizontal
vector wind (i.e., the mean horizontal wind speed). A half hour was only
considered for the intercomparison if 90 % of the high-frequency wind measurements were coming from within ±45 ◦ of the front of the sensor array to
avoid flow distortion by sonic head and mounting structure. One sensor was
used as the reference sensor and calibration coefficients (slopes and offsets)
for VEC, u′ w′ and w′ T ′ compared to the reference sensor were determined.
These calibration coefficients were later applied to the horizontal mean wind
(u), u′ w′ and w′ T ′ measured at MPB-03 in this study.
Thermocouple temperature
Fine-wire thermocouples are fast-response and high-precision sensors. They
are accurate for 2 reasons: 1) a particular thermocouple has a predictable
and repeatable relationship between temperature and voltage (electric potential) (Seebeck effect) and 2) the datalogger being used is high quality
(very good microvoltmeter) and is maintained in an isothermal condition
(very well insulated enclosure).Therefore, Ta measurements made with the
seven thermocouples were not calibrated. All thermocouple were measured
using one of two CR3000 data loggers.
Air pressure
Pressure was measured by each of the LI-7500 IRGAs separately. Large
pressure differences of up to 1.1 kPa (see Fig. I.1 in Appendix I) between
the levels were detected, which could not be attributed to the height
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differences between the levels. The manual of the LI-7500 IRGA gives the
pressure measurements uncertainty as ±1.5 % (LI-COR, 2004). Therefore,
pressure measurements at the top level (z/h = 1.34) were used as reference
measurements to calibrate all sensors and then adjusted for their height.
The pressure sensor at the lowest level (z/h = 0.06) failed for the entire
field campaign. As further described below, measurements of the level
above where adjusted for height differences and then used for the lowest
level. Data from 11 July 2010 16:00 to 23 August 2010 16:00 PST were
used for this calibration.
Each level was plotted against the pressure at z/h = 1.34 and a linear
regression was fitted to the data (Fig. I.2 in Appendix I). The resulting
calibration coefficients are given in Table I.1 in Appendix I.
Since there is a pressure difference expected due to the height
difference of the levels, a height correction was added to the offset.
The height correction was calculated based on the barometic equation
(Liljequist and Cehak, 1994) and using average temperature at the seven
levels and average pressure above the canopy (92.71 kPa). The resulting
height corrections and the total calibration offset (offset from linear fit +
height correction) are given in Table I.2 in Appendix I. Fig. 4.3 shows
the resulting pressures at all seven levels after the calibration coefficients
including height correction were applied. To compensate for the lack of
pressure measurements at z/h = 0.06, pressure measurements at z/h = 0.14
were used for this level using the linear fit coefficients at the same level but
using the height correction that corresponds to z/h = 0.06.
Because one level was picked arbitrarily as the reference level, the final
pressure might still differ from the real atmospheric pressure, but differences
are expected to correspond to a smaller error when used to calculate mixing
ratios or concentration differences. As shown in Appendix J, the mixing
ratio error due to a pressure error of 1.1 kPa resulted in an mq errorof 0.14
% and and mc error of 0.0012 %.
CO2 and H2 O molar density
All LI-7500 IRGAs were calibrated before the field campaign and also
checked after the field campaign in the laboratory using a dew point
generator (LI-610, LI-COR Inc.), a zero gas (N2 ) and a CO2 span gas
(420.94 ppm before and 390.11 ppm after the field campaign). The
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Figure 4.3: Pressure at the six levels after the calibration coefficients including the height offsets were applied. Red: z/h = 0.06, orange: z/h = 0.14,
light green: z/h = 0.38, dark green: z/h = 0.60, turquoise: z/h = 0.83,
blue: z/h = 1.05 , black: z/h = 1.34.

calibration gas cylinders were calibrated in the laboratory using standards
provided by the Canadian Greenhouse Gases Measurement Laboratory,
Meteorological Service of Canada, Downsview, Ont. LI-7500 IRGAs are
known to capture high-frequency variations in the concentrations well but
are less reliable when measuring absolute atmospheric concentrations due
to temperature and pressure related drifts. An LI-840 IRGA was used
to calibrate the seven LI-7500 sensors on a half-hourly basis. The LI-840
IRGA itself was calibrated regularly.
The system was calibrated every 1 to 3 h by injecting consecutively
nitrogen (N2 ) as a zero gas and a CO2 in dry air span gas into the air
sampling intake at the bottom level at the end of the half-hour. Different
span gases were used over the course of the campaign (until 30 Jul: 404.08
µmol CO2 mol−1 dry air, 31 Jul - 2 Aug: 451.28 µmol CO2 mol−1 dry
air, 4 - 8 Aug: 498.48 µmol CO2 mol−1 dry air). Intake of ambient air
during the calibration was avoided by keeping the calibration gas flow rate
higher than 5 l min−1 . The surplus gas was released to the atmosphere.
Each calibration gas was measured for 3 min at the end of the half
hour. During the 30-min periods without calibration, the lowest level was
measured for an additional 6 min at the end of the half hour. A subset
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of data (between 2 min and 15 s before the end of the sequence at each
level) was used to calculate 105-s averages, one for each level and each
calibration gas (if the calibration gases were used) for each half hour. These
subsets were chosen to make sure that tubing flushing and pressure variations due to opening and closing of the solenoids did not affect the analysis.
Air temperature (Ta ) and pressure (p) were measured at each level with
fine-wire thermocouples and the LI-7500 IRGAs, respectively. Since LI-7500
pressure measurements have a relatively high uncertainty (±1.5 %, LI-COR,
2004), a pressure correction was conducted, which is described above.
LI-840 IRGA calibration: It was found that cell pressure variations and
temperature variations had a significant effect on LI-840 IRGA measurements. These cell pressure variations were caused by variations in pump
flow. Battery voltage was dependent on solar radiation causing the pump
flow variations. Appendix K describes my procedure for correcting for battery voltage dependency. Fig. 4.4 shows the mc measurements of the CO2
span gas made with the LI-840 IRGA before and after correcting for battery
voltage dependence.
520

mc (µmol mol-1)

500
480

LI−840, uncalibrated
LI−840, calibrated
CO2 span gas concentration

460
440
420
400

22 Jul

24 Jul

26 Jul

28 Jul

30 Jul
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Figure 4.4: LI-840 IRGA mc measurements of the CO2 span gas before and
after the calibration and actual CO2 span gas concentrations. CO2 span gas
concentrations varied over the course of the campaign.

LI-7500 IRGA calibration: Using the calibrated 105-s averages measured by the LI-840 IRGA, continuous LI-7500 IRGA measurements at each
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level were corrected. The LI-840 IRGA mole fractions were therefore converted to molar densities by using the atmospheric thermocouple Ta and p
at the level from which the air was sampled. The lag between the LI-840
IRGA and the LI-7500 IRGA was determined by correlating the traces of
the two sensors and it was typically 20 s ± 2 s. For each level and every
half hour, the LI-7500 IRGA measurements during the 105-s long LI-840
IRGA averaging period shifted forward by 20 s was averaged. For every half
hour that LI-7500 IRGA and LI-840 IRGA measurements were available, the
difference between the LI-840 IRGA and LI-7500 IRGA averages was determined. To correct the LI-7500 IRGA measurements of a half hour, the offset
was then linearly interpolated between the periods when the LI-840 IRGA
measured simultaneously. Depending on when the LI-840 IRGA measurement was conducted during a half hour, the offset was either interpolated
between the half hour before and the half hour concerned or between the
half hour concerned and the next half hour. The determined interpolated
offset was then applied to the half-hourly averaged LI-7500 IRGA ρc or ρq
for the half hour concerned.

4.3.4

Uncertainties

In order to set limits on the ability to determine the flux-gradient exchange,
the uncertainties were determined.
Horizontal wind speed
During the above described sonic anemometer field intercomparison (Section 4.3.3), the standard deviation (STD) of VEC − VECref for each sensor
included in the intercomparison was determined. The subscript ref stands
for the reference sensors. STD was between 0.039 and 0.057 m s−1 for the
different sensors. The latter was used as the uncertainty of u in this chapter.

Air temperature
The thermocouple error is the sum of the errors in the reference temperature measurement, the temperature-to-voltage polynomial fit error, the
thermocouple-voltage measurement accuracy (Campbell Scientific, 2013),
and a radiative error. To reduce the error due to wire properties the
wire for all thermocouples was taken from the same spool. As explained
above, the thermocouples were connected to the datalogger via 36-gauge
support wires and unshielded chromel-constantan extension leads. Both
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loggers were kept in the same white, sealed box. Voltage measurement
(±0.04 %) and temperature conversion errors were expected to be very small.
Thermocouple measurements of the lowest three levels were recorded
on one logger and the top four levels were recorded on another logger,
which was kept in the same logger box. All levels were affected by
small variations in reference junction measurements due to temperature
gradients across the logger wiring panel and the fact that the logger
measured the reference temperature at only one spot on the wiring panel.
Lee and Barr (1998) estimated the panel temperature (Tpanel ) error due
to temperature variations across the reference temperature block to be
0.0028 K. The layer at 0.38 < z/h < 0.60 was additionally affected by the
Tpanel measurement accuracy as the temperature measurements for this
layer were recorded on two different loggers. Campbell Scientific (2013)
gives the Tpanel accuracy as 0.3 K. In the worst case the inaccuracies
of the two logger could add up to 0.6 K. This, however, is not very
likely. It was observed that for these two dataloggers during times
with constant vertical potential temperature (θ) gradients, measured θ
and therefore Ta disagreed by < 0.06 ◦ C between z/h = 0.38 and z/h = 0.60.
Another contributor to the temperature gradient error was the radiative
error caused by variations in shading throughout the canopy. Following
Tanner and Thurtell (1969) the radiation error can be calculated by
determining the energy balance of the thermocouple wire. See Appendix L
for the complete energy balance of the thermocouple wire.
Using the 24-h averaged u (2.04 m s−1 ) and the ensemble-averaged
S between 10:00 and 14:00 PST (663.21 W m−2 ) at z/h = 1.34, the
thermocouple temperature error (Tw − Ta , where Tw is the wire temperature
and Ta is the air temperature) is 0.08 K. When using the 24-h averaged u
(0.22 m s−1 ) and the ensemble-averaged S between 10:00 and 14:00 PST
(463.16 W m−2 ) at z/h = 0.06, Tw − Ta is 0.12 K. These temperature
errors would only directly translate into temperature gradient errors
if two thermocouples were measuring under the same wind conditions
and one thermocouple was totally exposed to the sun while the other
thermocouple was entirely protected from short-wave radiation. Given a
certain compensation of radiation and wind speed effect, that half-hourly
averages of the temperature are used, and that the gradients are calculated
for layers thinner than 6 m, the radiation related error can be assumed
to be at least half of the difference between Tw − Ta at the top and at
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the bottom level. Therefore, an error of < 0.02 K is assumed. Since all
other errors can be assumed to be much smaller, the sum of the radiation
error and the error due to Tpanel accuracy (0.08 K) was used as the total
temperature error for temperature gradient calculations for the layer at
0.38 < z/h < 0.60 and the radiation error (0.02 K) only was used for all
other layers.

CO2 and H2 O density
The reduction of measurement errors of CO2 and H2 O concentrations due
to calibration was discussed in Section 4.3.3. In summary, the determined
uncertainties that were further used in this chapter were 17.1 µmol m−3 for
ρc and 1.03 mmol m−3 for ρq .

Momentum and sensible heat flux density
In the above described ultrasonic anemometer field intercomparison
(Section 4.3.3), STD of u′ w′ − u′ w′ ref and STD of T ′ w′ − T ′ w′ ref were determined for the sensors that were part of the intercomparison. STD ranged
between 0.00517 and 0.01291 m2 s−2 and between 0.00409 and 0.00676
K m s−1 for u′ w′ − u′ w′ ref and T ′ w′ − T ′ w′ ref , respectively. The maximum STDs were used as the uncertainties for u′ w′ and T ′ w′ in this chapter.

CO2 flux density
Wesely and Hart (1985) determined the precision of Fc to be within 10
to 20 % due to the natural geophysical variability. Nesic et al. (2007)
conducted a six-day field intercomparison where Fc was measured with
a closed-path infrared gas analyzer (IRGA) and an open-path IRGA
(LI-7500) over a raised bog surface in July 2004. In both cases the same
3-D sonic anemometer (R3, Gill Instruments Ltd., Lymington, UK) was
employed to measure the vertical wind. Both systems compared very well
(close to the 1:1 line) and the root mean square error (RMSE) of the data
compared to the linear fit was 0.405 µmol m−2 s−1 , which was used in this
chapter as the Fc uncertainty.
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H2 O flux density
No intercomparison data were available in this case to determine the sensor
related uncertainty of latent heat flux measurements. Dyer and Hicks (1972)
determined the run-to-run uncertainty due to the natural variability of latent
heat flux to be at least 10 % under ideal environmental conditions. The
detection limit of the latent heat flux density, was determined based on
long-term latent flux measurements conducted with an LI-7500 IRGA and a
CSAT3 sonic anemometer over a hybrid poplar plantation in Albert, Canada
(HP09). During the wintertime when latent heat fluxes were very small,
fluxes < 1 W m−2 (= 0.023 mmol m−2 s−1 ) could clearly be detected, which
was used as the latent heat flux uncertainty in this chapter.

4.3.5

Analysis

CO2 and H2 O molar mixing ratio
CO2 and H2 O molar mixing ratios (mc and mq , respectively) were calculated
as:
Md
(4.27)
mq = ρq
ρa
m c = ρc

Md
,
ρa

(4.28)

where Md is the molar mass of dry air (0.028964 kg mol−1 ) and ρa was
calculated as p/Ru Ta − ρq , where Ru is the universal gas constant.
Potential temperature
The potential temperature (θ) was calculated as:
θ = Ta + Γ(z + zasl ),

(4.29)

where Γ is the dry adiabatic lapse rate (0.01 K m−1 ), z is the measurement
height above ground and zasl is the elevation of the site above sea level.
Flux densities and shear stress
For each half-hour, the covariances obtained by 30-min block averaging,
′ , w ′ m′ and w ′ m′ , were calculated. Sensible heat flux density (Q ),
w′ Tac
H
q
c
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latent heat flux density (QE ) and CO2 flux density (Fc ) were calculated
according to Eqs. 4.30, 4.31, 4.32, respectively.
′ ,
QH = ρcp w′ Tac

(4.30)

QE = λ ρa w′ m′q ,

(4.31)

Fc = ρa w′ m′c ,

(4.32)

QH and QE are positive when their flux direction is upward5 . Fc is also
positive when the flux is upward.
The Reynolds shear stress (τ ) was calculated as
τ = −ρu′ w′ ,

(4.33)

where ρ is the air density. As shown in Appendix M, even though strong
directional wind shear exists in this canopy, the absolute contribution of
v ′ w′ to the overall shear stress was small and Eq. 4.33 is sufficient to use.
According to Eq. 4.33, τ is positive when the shear is directed downward.
The same corrections and quality control were applied as in Chapters 2 and
3.

Eddy diffusivities and stability functions
Given that eddy flux and scalar measurements were made at seven discrete
heights (levels), the eddy diffusivities was calculated based on the measurement of fluxes by EC (τ , QH , QE and Fc ) and the corresponding gradients
(∆u/∆z, ∆θ/∆z, ∆ρq /∆z, ∆ρc /∆z) for six layers, which were confined by
the seven levels:
τ
(4.34)
KM = ∆u ,
ρ ∆z
KH = −

QH
ρcp ∆θ
∆z

KE = −

QE
∆ρ

λ ∆zq

,

(4.35)

,

(4.36)

5
In contrast to Chapter 2 where the focus was on energy balance partitioning, the
biometeorological sign convention is used here.
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Fc
KC = − ∆ρc ,

(4.37)

∆z

where ∆ stands for the difference between two measurement heights.
By using eddy fluxes averaged between two adjacent levels, the eddy
diffusivities for the six layers between the levels were calculated for every
30-min period.
The stability functions were then calculated as:
kzs ∆θ
,
T∗ ∆z

(4.38)

ΦE =

kzs ∆ρa mq
,
q∗ ∆z

(4.39)

ΦC =

kzs ∆ρa mc
,
c∗ ∆z

(4.40)

ΦH =

kzs

∆u
.
(4.41)
−u′ w′ ∆z
p
p
Using the eddy fluxes, T∗ = T ′ w′ / −u′ w′ , q∗ = ρa m′q w′ / −u′ w′ , c∗ =
p
ρa m′c w′ / −u′ w′ . The layer midpoint height was used when calculating zs .
K and φ were determined according to all scaling combinations.
ΦM = p

Zero-plane displacement height
The zero-plane displacement height (d) was determined iteratively similar
to Simpson (1996). First, the average wind speed at the 26.8-m height
(z/h = 13.8) was determined for neutral stability, which was for this purpose
defined as |ζ| < 0.02, where ζ = (z − d)/L. As a starting point d was set to
2/3h (Foken, 2008). Second, d was then determined as:
d=

z
ku

(4.42)

1 + 0.19 e u∗

This equation assumes that z0 /d = 0.19. Steps one and two were then
repeated iteratively until d did not change significantly.
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Inflection point in the wind speed profile
The inflection point for each 30-min interval was determined using the following six steps:
i. A cubic spline was fit to u to increase the vertical resolution to 1 m.
ii. A running mean (5-m window) was applied to the spline fit to reduce
the slightly exaggerated curvature of the fit.
iii. The second derivative (SD) of the spline fit was determined numerically.
iv. The height zt was determined as the height below and closest to the
height where the SD became zero, so that SD(zt )> 0 (wind profile
bending right coming from below) and SD(zt + 1 m)< 0 (wind profile
bending left coming from below).
v. If several heights matched iv, the height was chosen where SD(zt ) −
SD(zt + 1 m) was largest implying the strongest change in curvature.
vi. The height was then interpolated linearly between zt and zt +1m to
locate the inflection point (zinf l )

4.4
4.4.1

Results and discussion
Zero-plane displacement height and roughness length

The zero-plane displacement height d can usually be roughly estimated as
d = 0.67h (Foken, 2008). In our case, however, the analysis of d resulted
in d = 8.0 m including a total of 96 half hours with neutral conditions,
which corresponds to d/h = 0.40. If z0 /d = 0.19 as assumed in the
analysis of d, z0 = 1.46 m (z0 /h = 0.07), which is in the typical range
for coniferous forests. Monteith and Unsworth (2008) give a characteristic
value for z0 of a coniferous forest as 1.0 m and Foken (2008) listed a
typical z0 of 1-2 m for forests. Raupach (1994) derived relationships
between the canopy area index (Λ), d and z0 . If branches and leaves are
neglegted, it can be assumed that Λ in our canopy is equal to the total bole
surface area (0.28 m2 m−2 , see Chapter 2). For this Λ, Raupach’s relationships predict d/h ≈ 0.4 and z0 /h ≈ 0.1, which fit very well with our findings.
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4.4.2

Profiles of scalars and corresponding fluxes

Ensemble averaged profiles of the mean horizontal wind speed (u), the potential temperature (θ), the H2 O molar mixing ratio (mq ), and the CO2
mixing ratio (mc ) and their corresponding flux densities (τ , QH , QE and
Fc , respectively) were determined separately for three-hour periods of the
day and for four stability regimes (stable: ζ > 0.1, neutral: −0.1 < ζ < 0.1,
unstable: −1.0 < ζ < −0.1 and free convection: ζ < −1.0). A half hour was
only considered if both the variable of interest and the corresponding flux
were available at all levels. Stability was determined at z/h = 1.34. In the
case of u and τ , the profiles were normalized by the values at canopy height
and z/h = 1.34, respectively, to compare them to profiles from several other
studies under neutral conditions, which are listed in Table 4.2.
Table 4.2: Properties of six canopies of which the horizontal mean wind and
shear stress profiles are shown in Fig. 4.5
Canopy
Eucalypt
Pine
Pine
Pine
Aspen
Spruce

Site
Moga
MPB-06
Whiteshell
Uriarra
Whiteshell
Whiteshell

h (m)
12
16
15, 20
16, 20
10
12

LAI (m2 m−2 )
1.0
1.4
2.0
4.0
4.0
10.0

Reference
Raupach et al. (1996)
Christen et al. (2008)
Amiro (1990b)
Denmead and Bradley (1987)
Amiro (1990b)
Amiro (1990b)

Horizontal wind speed and shear stress
The u profile decreased first rapidly and then slowly into the canopy (Fig
4.5). During nighttime and under stable conditions, our measurements
compared well with other measurements conducted in different kinds of
canopies mainly under near-neutral conditions. However, during daytime,
under neutral and unstable conditions, the rapid decrease of u at the
top of the canopy was slightly less pronounced but continued further
down into the canopy. When looking at the inflection point height (Fig.
4.6), it can be seen that zinf l was higher during nighttime than during
daytime. The median zinf l /h ranged between 0.76 during nighttime and
0.63 during daytime. Stable conditions resulted in a higher zinf l than
neutral conditions; however, unstable conditions resulted in very similar
median zinf l as neutral conditions. Generally, zinf l was lower than in all
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other studies it was compared to, where it was usually located at the top
of the canopy, i.e., z/h = 1 (Finnigan, 2000). Poggi et al. (2004b) found
in a flume experiment that even though the shear in wind decreased with
canopy density, the inflection point was always located close to the canopy
top.
Several studies have described secondary maxima of u (e.g., Shaw, 1977;
Raupach and Thom, 1981; Baldocchi and Meyers, 1988b; Amiro, 1990b).
In this study, there was only a very small increase in wind speed with
depth close to the ground (from z/h = 0.14 to 0.06) between 0 and 6 PST.
Between 0 and 3 PST, τ was also slightly negative at z/h = 0.14. Shaw
(1977) stated that the secondary wind speed maxima happened in canopies
with a relatively open structure close to the ground compared to above. In
this stand however, the canopy structure did not decrease down into the
canopy (see Fig. 3.2) resulting in no clear secondary maximum.
The shear stress decreased rapidly with depth into the canopy. However,
this decrease was more pronounced during nighttime than during daytime.
During nighttime and for stable conditions the shear stress stayed almost
constant for z/h ≤ 0.38, lower than in profiles found in the other studies.
During daytime, however, the decrease continued all the way to the ground.
Above the canopy, τ was approximately constant as expected in the surface
layer; however, it stayed also almost constant in the upper canopy and τ /τtop
was larger in the upper canopy than in the other studies. Stable conditions
behaved very similarly to nighttime profiles, while neutral and unstable
conditions showed a gradually slower decrease with decreasing height in
τ /τtop in the upper canopy. Overall, the ensemble averaged τ direction
was consistent with u gradients and therefore with gradient diffusion theory.

Potential temperature and sensible heat flux
During nighttime, there was a clear temperature inversion extending all
the way to the ground (Fig. 4.7) and at the same time QH was negative
implying a downward sensible heat flux. The magnitude of QH increased
with height but it was still small throughout the canopy. In denser forests,
the lowest temperatures at night are usually found in the center or upper
part of the canopy with temperatures higher at the ground while it is
the opposite during daytime (e.g., Denmead and Bradley, 1985). The
ensemble-averaged stable profile had the same shape as the nighttime
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profiles. At transition times, (6 - 9 and 18 - 21 PST) when the profiles
show very little θ variation with height, QH was positive. From 9 to 18
PST, θ was largest at the ground and decreased with height. During this
time, QH was positive and in the direction of gradient diffusion and it
was large compared to other times of the day. QH increased with height
for z/h ≤ 0.8 and stayed approximately constant above. It was already
shown in Chapter 2 that most of the available energy was partitioned into
QH during daytime. The ensemble-averaged unstable profile resembled the
daytime profiles. Under neutral conditions, there was on average a small
inversion; however, QH was directed upward, indicating counter gradient
diffusion. Temperature varied especially close to the ground over the course
of the day. Except for neutral cases, ensemble averaged profiles of θ and
the direction of QH were consistent with gradient diffusion theory.

H2 O mixing ratios and latent heat fluxes
During nighttime (21 - 3 PST) and under stable conditions, mq increased
with height (Fig. 4.8) likely due to condensation at the ground, while QE
was close to zero i.e., not confirming a downward flux of water vapour.
Dew was observed on many days at the ground in the early morning since
temperatures decreased substantially over night. Between 3 and 6 PST, the
profile became approximately constant and later slightly decreased with
height. Between 0 and 6 PST, QE also started to become positive and then
increased substantially over the course of the day. Especially, between 9 and
15 PST, QE increased with height below z/h = 0.60, implying that there is
a source of H2 O in the lower canopy as discussed in Chapter 2. Unstable
ensemble-averaged profiles again resembled daytime profiles. Under neutral
conditions, however, the ensemble averaged mq was still slightly smaller
at z/h ≤ 0.38 than above while the direction of QE was upward; e.g., the
neutral ensemble-averaged mq profile (showing a weak inversion) and the
corresponding fluxes were not consistent with gradient diffusion theory.

CO2 mixing ratios and CO2 fluxes
In the case of CO2 mixing ratios, the largest gradients were found during
nighttime (between 18 and 6 PST) near the ground (Fig. 4.9), when mc
decreased with height below z/h < 0.38 and stayed approximately constant
above. At the same time, Fc was also positive. The Fc profile between 0
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and 3 PST however, showed that flux measurements during nighttime were
problematic. As already discussed in Chapter 3, the decrease in Fc with
height below z/h = 0.14 suggested a sink of CO2 . Photosynthesis was not
possible at this time and the sink must have been caused by advection or
measurement error. Between 6 and 18 PST, the ensemble averaged mc
profiles were almost constant with height and Fc was downward (Fc < 0)
throughout the canopy. Only between 12 and 15 PST above the canopy
(z/h = 1.34) was Fc positive. The magnitude of the downward flux of
CO2 was largest in the center part of the canopy and values were smaller
above and below. As discussed in Chapter 3, this means that there is a
sink of CO2 below z/h = 0.38 and a source of CO2 above corresponding
to the layers of living and dead vegetation, respectively. The flux profiles
indicated the largest CO2 uptake in the lower canopy occurred in the
morning, while the QE profiles also showed the largest source of latent heat
for z/h = 0.60 occurred between 9 and 12 PST. CO2 fluxes were generally
consistent with gradient diffusion theory. However, the ensemble averaged
profile for neutral conditions shows that there was a small positive gradient
of mc , where mc was largest at the ground and Fc was slightly positive
throughout the canopy even though it was of relatively small magnitude.
Under unstable conditions, the ensemble-averaged profiles resembled the
daytime profiles in shape. Under strongly unstable conditions, it is evident
that the magnitude of Fc was larger than under stable, neutral or weakly
unstable conditions.
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Figure 4.5: Ensemble averaged profiles of the horizontal mean wind speed (u) normalized by the wind speed at
canopy height (u(h)) and ensemble averaged profiles of shear stress (τ ) normalized by τ at z/h = 1.34 (τtop )
for 3-h periods of the day and four stability regimes. The normalization values are given in coloured numbers.
Numbers in brackets are number of half hours included in the statistics of each profile. The grey lines are profiles
determined in other studies, which were not separated by time, but were mainly measurements under unstable or
neutral conditions.
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by the canopy height (h) for 3-h periods (a) and for different stability conditions (b). Numbers below bars give the number of half-hours included in
the calculations of the boxplot.
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Figure 4.7: Ensemble averaged profiles of the potential temperature (θ) and sensible heat flux (QH ) for 3-h periods
of the day and different stability regimes. Numbers in brackets are number of half hours included in the statistics
of each profile.
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Figure 4.8: Ensemble averaged profiles of the H2 O mixing ratio (mq ) and latent heat flux (QE ) for 3-h periods of
the day and different stability regimes. Numbers in brackets are number of half hours included in the statistics of
each profile.
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Figure 4.9: Ensemble averaged profiles of the CO2 mixing ratio (mc ) and CO2 flux (Fc ) for 3-h periods of the day
and different stability regimes. Numbers in brackets are number of half hours included in the statistics of each
profile.

4.4. Results and discussion

0.6

4.4. Results and discussion

4.4.3

Gradient and counter-gradient transport

So far, it was examined whether the ensemble-averaged profiles (3-h
periods) of τ , QH , QE and Fc behave as predicted by gradient-diffusion
theory. Due to the averaging, however, it is not possible to tell whether
there were single half hours when counter-gradient fluxes occurred.
In this section, the frequency of occurrence of counter-gradient fluxes
over the course of the day and whether counter-gradient fluxes occurred only for small flux magnitudes will be examined. In the rest of
the chapter, heights of layers will be referred to using layer midpoint heights.

Temporal distribution
Figs. 4.10, 4.11, 4.12 and 4.13 show the relative frequency of occurrence of
gradient and counter-gradient diffusion of momentum, sensible heat, H2 O
and CO2 , respectively as a function of time of day. Due to measurement
uncertainty, when the scalar gradient or the flux was smaller than the
uncertainties discussed in Section 4.3.4, it could not be determined whether
fluxes followed gradient or counter-gradient diffusion theory and those
situations are shown in white.
Fig. 4.10 shows that there are very few half hours when shear stress
was countergradient. At all levels, the overall frequency of counter-gradient
transport was < 0.7 %. However, with increasing depth into the canopy,
the frequency of half hours when τ or u gradients were smaller than
the measurement uncertainties became larger. At z/h = 0.10, gradient
transport could be identified in only 17.7 % of the half-hours, while
counter-gradient transport could be identified in only 0.1 % of the half
hours. Given the larger wind speed and shear stress above the canopy
during daytime, conformity to gradient diffusion theory could be examined
for more half hours than during nighttime.
The sensible heat flux direction mainly conformed to gradient diffusion theory at all levels (Fig. 4.11). At night, however, QH was too
small in the lower canopy in many cases to determine conformity to
gradient-diffusion theory. In the upper canopy, small gradients made
a relatively large number of cases undeterminable. Counter-gradient
fluxes were frequently observed in the early morning or in the evening
at all levels. For example, approximately 55 % of the cases at 7 PST at

128

4.4. Results and discussion
z/h = 0.10 and 90 % at 10 PST at z/h = 1.20 were counter gradient.
Above the canopy (z/h = 1.20), counter-gradient transport was the most
frequent with an overall (24-h) relative frequency of occurrence of 19.9
%, while in the other layers the overall frequency of occurrence was < 6.7 %.
In the case of H2 O vapour transport (and therefore latent heat) countergradient transport contributed overall with 20.6 % at z/h = 0.10, while
in 41.8 % of the cases, transport direction conformed to gradient-diffusion
theory (Fig. 4.12). Interestingly, the case of water vapour counter-gradient
fluxes occurred most commonly during daytime, where they accounted for
up to 50 % of the cases during some hours of the day. In the layers above,
counter-gradient fluxes occurred less often, but they occurred throughout
the entire day. Gradient-diffusion transport of water vapour was dominant
at z/h = 0.26. Even though the frequency of gradient-diffusion transport
was larger than the frequency of counter-gradient fluxes in all layers, there
were many half hours, when gradient-diffusion conformity could not be
determined for z/h ≥ 0.49 due to too small H2 O gradients or QE .
Similar to H2 O, the occurrence of counter-gradient CO2 fluxes was
distributed over the entire day. Even though the overall relative frequency
of counter-gradient fluxes in the lowest layer was the largest, there was also
no clear pattern that counter-gradient fluxes occurred more often in the
lower canopy than above. At those levels where counter-gradient fluxes
occurred less frequently, flux direction conformity to gradient diffusion
theory was also detected less frequently and there were more half hours
when uncertainties were larger than measured CO2 gradients or Fc .
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Figure 4.10: Ensemble-averaged relative frequencies of occurrence of shear stress corresponding to counter-gradient
(red) and gradient diffusion (blue) for each hour of the day and the six layers. White areas show the relative
frequency of half hours when either the flux or the wind gradient was smaller than the uncertainties and gradient
diffusion conformity could not be determined reliably. Red and blue numbers give the ensemble-averaged 24-h
relative frequency (in %) of occurrence of counter-gradient and gradient fluxes, respectively.
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Figure 4.11: Same as Fig. 4.10 but for sensible heat flux.
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Figure 4.12: Same as Fig. 4.10 but for H2 O flux.
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Figure 4.13: Same as Fig. 4.10 but for CO2 flux.
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Relationships between fluxes and gradients
In the following, the relationships between the fluxes and their corresponding scalar gradients will be examined (Figs. 4.14, 4.15, 4.16 and 4.17).
Eqs. 4.34, 4.35, 4.36 and 4.37 show that the proportionality factor between
the two is the eddy diffusivity. Since the eddy diffusivity is expected to
change with stability, it was distinguished between different local stability
conditions, where the stability regimes are defined as in Section 4.4.2. In
Figs. 4.14, 4.15, 4.16 and 4.17, if a point is lying in the upper left or the
lower right quadrant, counter-gradient transport is implied. Otherwise, the
flux direction conforms with gradient-diffusion theory.
In the case of shear stress, most half hours have a positive horizontal
mean wind speed gradient and very often also τ /ρ > 0 (Fig. 4.14). Only
in the lowest layer (z/h = 0.10), negative τ /ρ occurred relatively often (35
% of the time), while in all other layers the occurrence of τ /ρ < 0 was
negligible. In all layers τ /ρ and ∆u/∆z are strongly correlated. KM (the
slope of the relationship between τ /ρ and ∆u/∆z) increased with height in
the canopy, while the increase was less pronounced between z/h = 0.49 and
0.71. The slope was clearly less steep for stable cases than for neutral cases
and therefore KM was most of the time much smaller for the stable than
for the neutral cases. However, the slope did not change much when going
from neutral to weakly or strongly unstable conditions. The relationship
between stability and slope was not very clear for z/h ≤ 0.49. This is
because the stability regimes were determined by the stability above the
canopy since it is difficult to determine stability in the canopy. However,
the stability in the lower canopy likely did not vary much.
The kinematic heat flux and −∆θ/∆z were clearly related (Fig. 4.15).
Counter-gradient fluxes occurred more often than for shear stress; however,
their frequency of occurrence was still relatively low (< 24 %) in all layers.
Furthermore, in many counter-gradient cases the flux was smaller than
the flux uncertainty. The slopes show that KH also clearly increased with
height. There was again little difference between neutral and unstable
cases. It is difficult to infer information about KH in the upper layers for
stable cases since the gradients and the fluxes were very small.
Flux-gradient relationships were not as clear at z/h = 0.10 for H2 O as
for the shear stress and sensible heat (Figs. 4.16 and 4.17, respectively).
For all layers above, there was a strong relationship between QE /λ and
134

4.4. Results and discussion
−∆ρq /∆z. Counter gradient fluxes occurred more often than in the case of
τ and QH ; however, QE /λ or −∆ρq /∆z was small when counter-gradient
fluxes occurred, except at z/h = 0.10. If counter-gradient fluxes occurred,
QE was typically upward and ρq gradients were positive.
As for water vapour, the relationship between Fc and ∆ρc /∆z was
quite scattered for the z/h = 0.10 but showed a clear relationship in the
layers above (Fig. 4.13). Also counter-gradient transport occurred more
frequently than for τ and QE ; however, a large number of the measurements
were located within the uncertainty range of the ρc measurements. Neutral
and unstable conditions resulted in similar slopes, while the relationship
between Fc and −∆ρc /∆z was less clear for stable conditions due to larger
scatter.
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Figure 4.14: Kinematic shear stress (τ /ρ) vs. horizontal mean wind speed gradient (∆u/∆z) for the six layers and
different stability conditions. Each point represents one 30-min average. Counter-gradient transport occurred when
points lie in the top left or the bottom right quadrant. Grey bands around the zero lines are uncertainty bands.
The four numbers in the corners show how many 30-min values lie in each quadrant including the uncertainty
bands.
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Figure 4.15: Same as Fig. 4.14 but for kinetic sensible heat flux (QH /(ρcp )) and mean potential temperature
gradients (−∆θ/∆z).
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Figure 4.16: Same as Fig. 4.14 but for water vapour flux (QE /λ) and mean H2 O density gradients (−∆ρq /∆z).
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Figure 4.17: Same as Fig. 4.14 but for CO2 flux (Fc ) and mean CO2 density gradients (−∆ρc /∆z).
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4.5
4.5.1

Comparison to surface-layer predictions
Stability functions

So far, it was determined whether fluxes were counter to or in the same
direction as gradient diffusion. However, during times of gradient diffusion,
fluxes might have been larger or smaller than predicted by gradient diffusion
theory. The stability functions for momentum, sensible heat, latent heat
and CO2 determined in this study were compared to the surface-layer
predictions (see Eqs. 4.22 and 4.23). For this purpose, bin averages of the
measurements were determined. Only half hours when K > 0 and φ > 0
were included. The stability that was used in the stability functions was
determined at each level using the effective height as the scaling height
(zs = ze ).
Under these conditions, the bin-averaged measurements of φM matched
the predictions quite well (Fig. 4.18). For z/h = 0.49 and 0.71, φ−1
M was
slightly overestimated and therefore φM slightly underestimated, while at
z/h = 0.10, φ−1
M was underestimated and therefore φM overestimated by
the predictions. For z/h = 0.10, there were not enough measurements left
after excluding measurements smaller than the measurement uncertainty
for ζ > 0 to compare them to the predictions.
In the case of sensible heat fluxes, stability function predictions and
measurements agreed relatively well under stable and neutral conditions
(Fig. 4.19). Except for z/h = 0.49, however, the predictions clearly
underestimated φ−1
H , i.e., φH was overestimated, under unstable conditions.
The agreement of the predictions for the stability functions and the
measurements was better for latent heat flux (Fig. 4.20) than for for sensible
heat flux. Due to few data points, however, there was some scatter of the
bin-averages. In the lowest two layers, φ−1
E appeared to be larger under
weakly stable conditions (−1.0 < ζ < −0.1) than predicted. Enhancement
1
in φ−1
H and φE corresponding to enhanced turbulent transport compared to
MOS theory predictions, were also observed by Shuttleworth et al. (1989)
under neutral and unstable conditions above a temperate forest of Scots
pine and above a dense, tropical rain forest.
The measured stability functions (φC ) for CO2 flux were larger (φ−1
C
was smaller) in most cases than the predictions (Fig. 4.21). Under stable
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conditions, only in the layers z/h = 0.10, 0.94 and 1.20, did predictions and
measurements compare well.
According to Foken (2008), it is well known that the surface-layer universal functions underestimate the turbulent exchange under strongly stable
conditions. In our case, the bin averages indicate that the stability functions
level out for ζ & 0.5. Handorf et al. (1999) proposed a constant universal
function φM = 4 for ζ > 0.6, which corresponds to φ−1
M = 0.25. This value
≈
0.5).
is, however, smaller than our measurements (φ−1
M
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Figure 4.18: Stability functions for shear stress, where red crosses are 30-min averaged results from this study,
while black dots are bin averaged results from this study and the black line is the surface-layer prediction.
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Figure 4.19: Same as Fig. 4.18 but for sensible heat flux.
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Figure 4.20: Same as Fig. 4.18 but for H2 O flux.
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Figure 4.21: Same as Fig. 4.18 but for CO2 flux .
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4.5.2

Eddy diffusivity

Using the predicted stability functions (φ) and measured u′ w′ , the eddy
diffusivity (K) was predicted for each level. As previously discussed, there
are two types of scaling (global and local) and two types of scaling heights
(z or ze ) that can be used in the prediction of φ, giving four different scaling
combinations: I: zs = z and global scaling, II: zs = z and local scaling, III:
zs = ze and global scaling and IV: z = ze and local scaling. Figs. 4.22,
4.23 and 4.25, 4.24 compare measured and predicted profiles of K using
combination IV. Profiles using combination I to III are shown in Appendix
N. The RMSE values of the K predictions from the measurements using
each combination (Tables 4.3, 4.4, 4.5 and 4.6) were also examined. In this
section, only cases when K > 0 were included.
The profiles using combination IV show that the measured KM , KH ,
KE and KC generally increased in a exponential manner with height
throughout the canopy (with the exception of KC in unstable conditions see below). As predicted, KM , KH , KE and KC increased with decreasing
stability above the canopy. All four eddy diffusivities, KM , KH , KE and
KC , were close to zero in the lowest layer (z/h = 0.1). Maximum values
were usually reached above the canopy at z/h = 1.20. Median values
of measured KM above the canopy were about 1.5, 5.5 and 7.0 m2 s−1
under stable, neutral and unstable conditions, respectively. Measured KH
reached median values of 1 and 11 m2 s−1 above the canopy under stable
and neutral conditions, respectively. Under neutral conditions the largest
median value of measured KH was determined at z/h = 0.94, which was
approximately 2 m2 s−1 . Median values of measured KE were about 0.5, 1.5
and 4 m2 s−1 under stable, neutral and unstable conditions, respectively at
z/h = 1.20. Measured KC increased with height under stable and neutral
conditions (median at z/h = 0.94: approximately 0.5 and 1.0 m2 s−1 ,
respectively). However, under unstable conditions, KC increased only up
to z/h = 0.71 (median at this height: about 1.5 m2 s−1 ) and was slightly
larger than at z/h = 0.94 and 1.20.
For z/h = 0.10, 0.94 and 1.20 the predictions were slightly smaller than
measured KM and for z/h = 0.26 and 0.49 they were slightly larger than
measured KM but the differences were relatively small. The predictions also
agreed with the measurements of KH relatively well in most cases. Above
the canopy under unstable conditions, predicted values of KH were about 25
% less than measured values. KE was in most cases slightly overestimated
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by the predictions, but again the differences were small. Similarly, predicted KC was slightly smaller under neutral and unstable conditions than
measured KC . However, under unstable conditions KC was substantially
overestimated by a factor of up to 5.5. These discrepancies were likely due
to the distribution of CO2 sources and sinks and were largest during daytime
under sunny conditions, which also resulted in the most unstable conditions.
Using the scaling and height combination IV was, together with
combination III, the one that resulted in the smallest RMSE values (see
Tables 4.3, 4.4, 4.5 and 4.6). Using either global or local scaling made
only little difference, sometimes improving but sometimes worsening
the predictions. Introducing the effective height ze , on the other hand,
improved the predictions substantially. The changes were small in the
lower canopy, since both approaches assume zs = z for z ≤ d, but were
significant above. The improvement was especially evident under unstable
conditions. The RMSE of KE at z/h = 0.94 under unstable conditions
was for example improved by a factor of 3.5 when using combination IV
compared to combination II.
Fig. 4.26 shows the median values of all eddy diffusivities under stable,
neutral and unstable conditions in the six layers. Under stable conditions
KM , KH , KE and KC were very similar at z/h ≤ 0.26. Above, KM
generally increased faster with height than the other diffusivities. Above
z/h = 0.49, values of KH were between those of KE and KM , while values
of KE and KC were similar to each other throughout the canopy. Under
neutral conditions KH and KE were comparable in magnitude, while KM
was approximately twice the magnitude of KH and KE . In the upper
canopy and above KC was smaller than all other diffusivities, while in the
lower canopy it was comparable to KH and KE . Under unstable conditions,
KC was the smallest eddy diffusivity above z/h = 0.26, while KE and
KM were very similar except above the canopy. KH was the largest eddy
diffusivity under unstable conditions above z/h = 0.10. Because of the
preferential upward transport of heat, KH is also expected to be larger
than KM (Monteith and Unsworth, 2008). Measurements reviewed by
Dyer (1974) suggested that KM = KE = KC , under unstable conditions,
which was however not found in the current study.
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Figure 4.22: Measured (red) and predicted (grey) eddy diffusivities for shear
stress (KM ) for three stability regimes. The prediction uses the local scaling
and the adjusted zs (combination IV). The numbers in brackets are the
number of half hours included in the analysis.
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Figure 4.23: Same as Fig. 4.22 but for KH .
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Figure 4.24: Same as Fig. 4.22 but for KE .
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Figure 4.25: Same as Fig. 4.22 but for KC .
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Figure 4.26: Median values of KM , KH , KE and KC under unstable, neutral
and stable conditions for the six layers. Note that different scales are used
on the x-axis
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z/h
0.10
0.26
0.49
0.71
0.94
1.20

I
0.11
1.01
2.22
4.80
6.86
5.25

Table 4.4:
ζ < −0.1
II
III
IV
0.09 0.11 0.12
1.08 1.26 1.15
1.89 1.64 1.23
4.11 2.12 2.10
6.93 2.22 1.67
5.22 3.72 3.82

Same as Table 4.3 but for
−0.1 ≤ ζ < 0.1
I
II
III
IV
0.05 0.07 0.05 0.07
0.35 0.38 0.38 0.38
0.71 1.63 0.46 1.09
1.22 2.45 0.79 1.08
1.99 2.48 1.85 2.06
1.60 1.76 2.50 2.86

predicted KM for the four scaling
0.1 ≤ ζ
II
0.05
0.11
0.17
0.40
0.37
1.20

< 1.0
III
0.05
0.11
0.22
0.44
0.68
1.34

IV
0.05
0.10
0.14
0.32
0.47
1.34

0.1 ≤ ζ
II
0.03
0.13
0.26
0.40
0.80
0.47

< 1.0
III
0.02
0.04
0.20
0.21
1.51
0.70

IV
0.03
0.12
0.23
0.25
1.27
0.55

KH .
I
0.02
0.03
0.21
0.28
1.33
0.64
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Table 4.3: Root mean square error (in m2 s−1 ) of measured KM compared to
combinations described in Fig. 4.2 for three stability regimes.
ζ < −0.1
−0.1 ≤ ζ < 0.1
z/h
I
II
III
IV
I
II
III
IV
I
0.10 0.76 0.78 0.77 0.78 0.50 0.52 0.51 0.51 0.06
0.26 0.30 0.28 0.28 0.28 0.24 0.24 0.25 0.25 0.12
0.49 1.70 1.47 0.94 0.87 0.90 1.01 0.47 0.59 0.22
0.71 3.12 2.68 1.67 1.74 1.76 1.81 1.27 1.38 0.24
0.94 3.39 3.02 1.54 1.54 1.75 1.78 1.19 1.23 0.42
1.20 3.55 3.37 2.81 2.84 2.28 2.33 2.52 2.59 1.16
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z/h
0.10
0.26
0.49
0.71
0.94
1.20

I
0.91
0.66
2.36
4.75
6.61
8.88

I
0.32
1.05
4.17
6.84
10.13
13.90

Table
ζ < −0.1
II
III
0.41 0.26
1.73 0.87
5.45 2.68
8.39 2.80
10.81 4.53
13.90 7.41

Same as Table 4.3 but for
−0.1 ≤ ζ < 0.1
I
II
III
IV
0.04 0.05 0.05 0.05
0.29 0.35 0.26 0.35
0.98 1.02 0.72 0.71
1.64 1.56 0.75 0.78
1.72 1.54 1.41 1.51
3.22 3.34 2.16 2.16

KE .
I
0.10
0.05
0.23
0.98
0.68
1.72

0.1 ≤ ζ
II
0.12
0.07
0.27
0.49
0.53
2.02

< 1.0
III
0.10
0.07
0.23
1.06
0.62
1.73

4.6: Same as Table 4.3 but for KC .
−0.1 ≤ ζ < 0.1
0.1 ≤ ζ
IV
I
II
III
IV
I
II
0.41 0.03 0.03 0.03 0.03 0.01 0.02
1.73 0.17 0.11 0.17 0.11 0.05 0.20
3.90 0.53 0.41 0.43 0.34 0.25 0.31
3.21 1.50 1.64 1.46 1.67 0.44 0.64
4.53 0.81 0.79 0.87 0.71 0.97 0.58
7.41 2.95 3.25 2.91 3.32 0.53 0.49

< 1.0
III
0.01
0.06
0.24
0.25
1.00
0.36

IV
0.12
0.07
0.24
0.32
0.40
2.03

IV
0.02
0.19
0.26
0.38
0.30
0.33
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z/h
0.10
0.26
0.49
0.71
0.94
1.20

Table 4.5:
ζ < −0.1
II
III
IV
0.96 0.94 0.96
0.43 0.51 0.43
1.28 1.19 0.62
3.89 1.57 1.43
6.86 2.11 1.98
8.88 4.77 4.77
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Summary and conclusions

The mountain pine beetle attack at the studied stand resulted in an
open-canopy structure. The turbulent exchange within and above this
sparse canopy was studied to determine the applicability of gradient
diffusion theory within a sparse canopy, which would ease the modeling of
canopy exchange. The relationships between horizontal wind speed (u),
potential temperature (θ), H2 O mixing ratio (mq ) and CO2 mixing ratio
(mc ) and their corresponding fluxes were examined and the frequency
of the occurrence of counter-gradient fluxes was quantified. There was
a clear relationship between the gradients of u, θ, mq and mc and their
corresponding fluxes at most heights.
Overall, shear stress (τ ) and sensible heat flux (QH ) were mostly in the
direction of gradient diffusion throughout the canopy. Counter-gradient
fluxes were more common for QH than for τ , and counter-gradient fluxes
for QH were mainly detected in the morning and the evening. In the case of
latent heat flux (QE ) and CO2 flux (Fc ), counter-gradient fluxes occurred
throughout the day, but were less frequent than gradient diffusion.
During times of gradient diffusion, momentum exchange agreed well
with the predictions using Monin-Obukhov similarity (MOS) theory of
transport in the surface-layer (K-theory). Sensible and latent heat exchange
were also predicted relatively well under stable and neutral condition;
however, under unstable conditions predictions overestimated the fluxes at
most heights. The stability functions for CO2 were mostly underestimated
by the MOS predictions, resulting in overestimates of the fluxes.
The eddy diffusivities obtained from gradient and flux measurements increased approximately exponentially with height. Under stable and neutral
conditions, the eddy diffusivity for momentum (KM ) was generally substantially larger than the other eddy diffusivities. This is expected since
momentum experiences in addition to skin drag also form drag due to pressure differences. Under unstable conditions the eddy diffusivity for sensible
heat flux (KH ) was the largest. Under the latter conditions, KE and KM
were very similar to each other in the canopy, which was expected. Under
neutral conditions, the eddy diffusivities of sensible and latent heat (KE )
were very similar. Under unstable and neutral conditions, the eddy diffusivity for CO2 (KC ) was smaller than the other eddy diffusivities except close
to the ground likely due to the source/sink distribution of CO2 .
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The use of a local or a global scaling caused little differences in the
predictions of the eddy diffusivities, but the effective height (ze ) resulted in
a substantial improvement of the predictions compared to using the height
above ground as the scaling height.
During times of gradient diffusion, K-theory using MOS theory predictions for the surface layer could be used to determine momentum, sensible
heat and latent heat transport within this open-canopy stand and above.
However, the use of K-theory to determine CO2 transport within and above
the canopy is problematic under unstable conditions. Resulting from this,
the use of 1.5 order models can only be used to model the transport of momentum in this stand. For sensible heat, latent heat and CO2 higher order
closure models would be required.
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Chapter 5

Conclusions
This chapter summarizes the main conclusions and implications of this dissertation in a lodgepole pine forest with non-invasive management following
a mountain pine beetle (MPB) attack and answers the three research questions posed in the Introduction. Furthermore, it discusses possible technical
improvements and potential future work.

5.1

Conclusions

The overall conclusions of this dissertation are:

1. Radiative transmission through the canopy was high after the
reduction in canopy density due to the beetle attack.
The attack resulted in an open and sparse canopy (leaf area index of
0.55 m2 m−2 ) with a dead overstory, an intact secondary structure (a
mix of mostly immature trees of different species) and a rich understory (bushes, seedlings, saplings and ground vegetation less than 1 m
high). This open-canopy structure allowed 60 % of the above-canopy
shortwave and photosynthetically active radiation to reach the forest
floor, which contributed to a high (50 %, ensemble-averaged over the
entire three week period) daily-total ground-level net radiation compared to that above the stand.
2. The open-canopy structure resulted in a strong coupling between all canopy layers and the atmosphere above.
In contrast to denser canopies, where there are substantial periods
when the lower canopy is decoupled from the upper canopy and the
atmosphere above (e.g., Thomas et al., 2013), in this open canopy, all
layers and the atmosphere above were strongly coupled. This was seen
in the temperature and the wind profiles. Temperature inversions extending to the ground at night and a relatively constant temperature
increase with depth from the top of the canopy to the ground during
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daytime were measured regularly in this canopy. In denser canopies,
air temperature usually decreases with depth into the canopy during
daytime (e.g., Monteith, 1975) and at night it decreases with depth
only in the upper part of the canopy and remains constant or slightly
increases towards the ground (Huisman and Attenborough, 1991). In
this stand, wind speed increased continuously from the ground to
above the canopy, while in denser canopies secondary wind maxima
are common (e.g., Oliver, 1971; Shaw, 1977; Raupach and Thom, 1981;
Baldocchi and Meyers, 1988b; Amiro, 1990b). The strong coupling is
also evident in the relatively small gradients through the canopy.
3. The aerodynamic characteristics of this stand differed from
those with denser canopies.
Wind profiles showed that there was a good ventilation in the canopy
during the daytime. The inflection point was located lower (z/h ≈ 0.7)
in the canopy than found in other studies (Finnigan, 2000). The
canopy structure also resulted in a relatively low zero-plane displacement height (at z/h = 0.40), which agrees with predictions for a
canopy of this density (Raupach, 1994). Related to this, the shear
stress profile showed that shear stress was not only approximately
constant above, but also in the upper part of the canopy, which is
different than in denser canopies (Finnigan, 2000). The normalized
shear stress (normalized by the shear stress above the canopy) was
also generally larger within this sparse canopy than in denser canopies
under unstable and neutral conditions.
4. A large portion of the available energy was partitioned into
sensible heat during the daytime resulting in a Bowen ratio
greater than two throughout the canopy.
Water vapour and therefore latent heat, originated mainly from the
lowest 5 % of the canopy. The sources of sensible heat were distributed
throughout the entire canopy. As a result of the different vertical distributions of the sources of sensible and latent heat and the dominance
of sensible over latent heat flux, the Bowen ratio varied between two
near the ground and four at the top of the canopy.
5. Energy-balance closure was relatively high throughout the
canopy during the daytime. During the daytime, when the opencanopy structure resulted in relatively strong coupling of the canopy
and sub-canopy, high energy-balance closure values were observed.
However, residuals of up to 30 % where found in the layers in which sec158
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ondary structure was most abundant. During the nighttime, energybalance closure residuals approached 60 % and therefore nighttime flux
measurements remain a concern for inside the canopy and generally
for the entire forest-atmosphere interface.
6. The understory and the secondary structure were mainly responsible for CO2 uptake while the overstory was a weak CO2
source.
The largest downward flux of CO2 was found in the center part of
the canopy with lower fluxes below and above. This distinct shape of
the CO2 flux profile implied that the secondary structure was a relatively strong CO2 sink, which confirms the postulation by Brown et al.
(2012a). The understory, however, was a similarly large or even larger
contributor to CO2 uptake. The mostly dead overstory was a weak
source of CO2 due to the slow decomposition of lodgepole pine boles
and branches.
7. The secondary structure trees had a substantially higher water use efficiency (WUE) than the understory vegetation and
exhibited better adjustment to the extended dry period.
H2 O release and CO2 uptake by plants are strongly related to stomatal conductance and therefore sinks for CO2 and sources of H2 O were
expected to be similarly distributed. However, even though the CO2
sinks were distributed throughout the lower two thirds of the canopy,
the H2 O sources were mainly located close to the ground. This dissimilarity in H2 O sources and CO2 sinks resulted in vertical differences of WUE (the ratio of the rate of CO2 uptake to the rate of
H2 O release) showing differing capabilities of the coniferous secondary
structure trees and the mixed understory (broadleaves and conifers) to
conserve water. Furthermore, the secondary structure trees adapted
better to the extended dry period during the field study than the
understory vegetation. The secondary structure WUE increased much
faster with increasing dryness than the understory WUE. Calculations
of the inherent water use efficiency (WUE/D, where D is the vapour
pressure deficit) further confirmed these findings.
8. K-theory appeared to work for shear stress when using the
proposed effective height, but was problematic for all other
fluxes due to counter-gradient turbulent diffusion and complications in the predictions of the eddy diffusivity.
K-theory is known to be problematic in canopies. This study shows
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that under the given conditions counter-gradient fluxes were seldom
observed for shear stress. Using an adjusted effective height in the calculations of the stability functions and the eddy diffusivities resulted
in good agreement between the measurements and predictions of shear
stress following Monin-Obukhov similarity (MOS) theory. The common occurrence of counter gradient fluxes of sensible heat in the morning and evening implies that K-theory could only be used between the
late morning and afternoon. During those times, MOS theory predictions were adequate when using the effective height. Counter-gradient
fluxes occurred throughout the entire day in the case of latent heat
and CO2 fluxes making the use of K-theory inadequate to determine
turbulent exchange of those passive scalars in this canopy. Furthermore, MOS theory for CO2 highly overestimated the eddy diffusivity
in unstable conditions.
9. The eddy covariance (EC) technique was found to be an effective approach to determining the turbulent fluxes as well
as the distributions of the sources and/or sinks of sensible
heat, latent heat, CO2 and momentum in this sparse canopy.
The locations of the CO2 sources and sinks determined using the EC
approach agreed with the results from the ecophysiological approach,
even though they differed in magnitude. Furthermore, the canopy
was generally well coupled with the atmosphere above and during half
hours when gradient diffusion occurred, eddy-diffusivity predictions
and calculations based on EC measurements often agreed well. This,
together with the high energy-balance closure, implied that the EC
technique proved to be a sound approach in the study of turbulent exchange as well as the distribution of the sources and sinks in such an
open-canopy stand during daytime. However, in denser canopies with
markedly reduced vertical mixing and where advection likely plays an
important role in the transport of CO2 , the approach would likely be
problematic and would need to be tested carefully. An advantage of
the EC method was that it provided continuous flux measurements in
contrast to the ecophysiological method that was also used to determine CO2 exchange. The ecophysiological method was time intensive
and adequate temporal and spatial upscaling of chamber measurements was challenging. This method, however, gave species specific
information, which was not available when using the EC approach.
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Implications

Given the large area of MPB-affected forest in British Columbia and
neighbouring regions (e.g., Alberta, Yukon and Colorado), and comparable
forest kills in other parts of the world due to insect attacks (e.g., spruce
budworm in eastern Canada and the US), the results of this study are not
only of local interest. This study shows that non-invasive management
after insect attacks in a forest can be an adequate response from a
carbon balance perspective. Due to reduced canopy density (due initially
to the marked reduction in LAI and later the falling of killed trees),
the large amounts of radiation transmitted through the canopy and
the wind protection by the standing dead trees favour the growth of
smaller vegetation and therefore the recovery of the stand. As shown by
Brown et al. (2012a), the stand returned to being a carbon sink within a
relatively short time (approximately five years) after the MPB attack, much
faster than clearcut-harvested sites. Furthermore, the study showed that
this MPB-attacked stand had a significantly different microclimate than
denser and healthy stands. This needs to be considered in future carbon
and water budget modeling of open-canopy and insect-infested stands.

5.3

Technical improvements and potential future
work

In this section, possible technical improvements and potential future work
are discussed. The following suggestions could be considered if parts of the
study were to be repeated in the same or a different stand:
In this study, point measurements of radiation were made within the
canopy. However, a spatial average of radiation measurements would
be preferable, e.g., using line sensors or automatically operating trams
(e.g., Lee and Black, 1993a; Baldocchi and Vogel, 1996) to capture the
high spatial variability of radiation in a canopy. To determine the spatial
variability in radiation at all levels well, several canopy-access towers
could be required. In this case, it would be very important to make sure
that these structures would not obstruct and influence the turbulent flux
measurements in the canopy. Furthermore, diffuse radiation measurements
could be made to obtain information on the impact of diffuse and direct
radiation on photosynthesis.
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Net photosynthesis measurements on the leaves could be improved by
varying the light levels manually between total darkness and maximum
ambient light conditions. This can be done using spectrally-neutral shade
cloth of various weave densities. Bole respiration could be determined with
a higher accuracy, if measurements were conducted for longer time periods
(e.g., 15 min). However, very long time periods would need to be avoided
due to possible drifting of the concentration measurements.
During parts of the day, the presence or absence of gradient diffusion
could not be determined due to the accuracy of gradient and/or flux
measurements being too low for this purpose. If these measurements were
to be repeated, CO2 and H2 O gradient measurements could be improved by
employing a higher quality IRGA (e.g., an LI-7000) in the existing system
or a closed-path IRGA for each level measuring concentrations continuously
at all level (similar to the system used by Leitch, 2010). Therefore flow rates
have to be high and the same for all levels. A manifolded system like that
used by Yang et al. (1999) would be an option. Power limitations, however,
need to be considered if working at a remote location. Furthermore, CO2
and H2 O measurements could be improved by keeping the voltage applied
to the suction pump constant and by maintaining a constant temperature
in the box containing the closed-path infrared gas analyzer. Temperature
uncertainties could be reduced by connecting all thermocouples to the same
datalogger and in the case of a Campbell Scientific Inc. datalogger choosing
channels close to the location of reference temperature measurement on the
datalogger panel.
We have shown that even at this reasonably homogenous and very flat
stand, advection and/or dispersive fluxes may play a role, especially during
nighttime. Including measurements of these fluxes (which, of course, are
currently major challenges in micrometeorology) in future work would be
recommended to fully capture the scalar transport in this canopy.
Every study raises new interesting questions. The following topics could
be investigated in future studies:
Given the rich dataset from this study and the limited information on
turbulence in sparse canopies, it would be of great interest to further study
turbulent exchange and the role of coherent flow structures in this sparse
canopy. Coherent structures are responsible for a large part of the turbulent
exchange (Finnigan, 2000) and these structures are not well studied in
sparse canopies (Bailey and Stoll, 2013). Correlation coefficients could be
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determined to compare the exchange efficiencies of the different scalars and
further study could be conducted on the similarity between them similar
to the work of Roth and Oke (1995), who studied the exchange efficiency
of heat, mass and momentum over in urban environment. This dataset
could also be used to test Lagrangian models developed to account for
counter-gradient diffusion in forest canopies, e.g., the localized near-field
theory of Raupach (1989b). These data provide an important test case
where the far-field component likely dominates the near-field component
for much of the time. Such information is necessary to predict turbulent
exchange accurately on a regional scale using computer models rather than
at a local scale when using the EC measurement approach.
A length-scale analysis could show if the overestimation of the eddy
diffusivity of CO2 is due to the fact that changes in vertical concentration
gradients are too small compared to the turbulent length scales. Many
modeling approaches are based on K-theory and if the previous statement
is true, the use of K-theory based models would be inadequate in this
stand.
The EC and the ecophysiological approach both showed that the dead
standing boles were a sources of CO2 , although their results differed
considerably in magnitude. Commonly, studies only consider respiration
of fallen dead trees. Given that trees can remain standing for several
years after dying (e.g., Mitchell and Preisler, 1998) and there are large
areas of dead standing trees, it would be very worthwhile to further study
their respiration rate and biological reasons for their respiration, e.g., rates
of decay of the bole after MPB attack and the effect of the blue stain
fungus. It would also be important to determine how the respiration rates
change after the trees fall, i.e., what is the effect of moisture and microbial
populations moving into the fallen trees. This would likely help explain a
respiration pulse if it occurs.
All measurements used in this dissertation were made during the summertime at the peak of the growing season. Due to warmer temperatures and
high light levels, photosynthesis, respiration and evapotranspiration rates
can be expected to be higher than during the wintertime. Therefore, vertical differences in CO2 sources and sinks can be expected to be larger during
the summer than the wintertime. Under favorable light and moisture conditions the exchange rates of CO2 and H2 O could be higher during late spring
and early fall than during the extended dry period in the summer of 2010;
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however, generally lower exchange rates are expected during spring and fall
than during summer. Since the source/sink strength and distribution of CO2
and possibly also H2 O vary over the course of the year, scalar similarity and
the applicability of K-theory could also change and it would be of benefit to
study flux-gradient relationships during different times of the year.
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Högström, U.: 1988, ‘Non-dimensional wind and temperature profiles in the
atmospheric surface layer: A re-evaluation’. Boundary-Layer Meteorol.
42, 55–78.
Hopping, G. and G. Beall: 1948, ‘The relation of diameter of lodgepole
pine to incidence of attack by the bark beetle (Dendroctonus monticolae
Hopkins)’. Forestry Chron. 24, 141–145.
Horst, T. and J. Weil: 1994, ‘How far is far enough? The fetch requirements of micrometeorological measurement of Surface Fluxes.’. J. Atmos.
Oceanic. Tech. 11, 1018–1025.

172

Bibliography
Huang, J., M. Cassiani, and J. Albertson: 2009, ‘The Effects of Vegetation
Density on Coherent Turbulent Structures within the Canopy Sublayer: A
Large-Eddy Simulation Study’. Boundary-Layer Meteorol. 133, 253–275.
Huisman, W. H. T. and K. Attenborough: 1991, ‘Reverberation and attenuation in a pine forest’. J. Acoust. Soc. Am. 90, 2664.
Jackson, P. S.: 1981, ‘On the displacement height in the logarithmic velocity
profile’. J. Fluid Mech. 111, 15–25.
Jarosz, N., Y. Brunet, E. Lamaud, M. Irvine, J.-M. Bonnefond, and D.
Loustau: 2008, ‘Carbon dioxide and energy flux partitioning between the
understorey and the overstorey of a maritime pine forest during a year
with reduced soil water availability’. Agric. For. Meteorol. 148(10), 1508
– 1523.
Jassal, R. S., T. A. Black, T. Cai, K. Morgenstern, Z. Li, D. GaumontGuay, and Z. Nesic: 2007, ‘Components of ecosystem respiration and an
estimate of net primary productivity of an intermediate-aged Douglas-fir
stand’. Agr. Forest Meteorol. 144(1), 44–57.
Jassal, R. S., T. A. Black, M. D. NOVAK, D. Gaumont-Guay, and Z. Nesic:
2008, ‘Effect of soil water stress on soil respiration and its temperature
sensitivity in an 18-year-old temperate Douglas-fir stand’. Glob. Change
Biol. 14(6), 1305–1318.
Juang, J.-Y., G. G. Katul, M. Siqueira, P. C. Stoy, S. Palmroth, H. R.
McCarthy, H. S. Kim, and R. Oren: 2006, ‘Modeling nighttime ecosystem
respiration from measured CO2 concentration and air temperature profiles
using inverse methods’. J. Geophys. Res.-Atmos. 111(D8).
Kaimal, J. C. and J. J. Finnigan: 1994, Atmospheric Boundary Layer Flows:
Their Structure and Measurement. Oxford University Press, USA, 289 pp.
Katul, G., C. Geron, C. Hsieh, B. Vidakovic, and A. Guenther: 1998, ‘Active
turbulence and scalar transport near the forest-atmosphere interface’. J.
Appl. Meteorol. 37, 1533–1546.
Katul, G., R. Oren, D. Ellsworth, C.-I. Hsieh, N. Phillips, and K. Lewin:
1997, ‘A Lagrangian dispersion model for predicting CO2 sources, sinks,
and fluxes in a uniform loblolly pine ( Pinus taeda L.) stand’. J. Geophys.
Res. 102(D8), 9309.

173

Bibliography
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Appendix A

Photographs of the field site
and instrumentation
This appendix shows photographs of the MPB-03 field site and instrumentation. If not otherwise mentioned all photographs were taken during the 2010
field campaign by Carmen Emmel, Eugenie Paul-Limoges or Rick Ketler.

Figure A.1: Photographs of the three vegetation layers: (a) understory vegetation, (b) secondary structure and (c) overstory vegetation.

184

Appendix A. Photographs of the field site and instrumentation

Figure A.2: Panorama view (360 ◦ ) of the MPB-attacked lodgepole pine stand adjacent to Crooked River Provincial
Park (MPB-03) taken from the top of the flux tower (30 m). Photograph provided by Dr. Thomas Hilker.
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Figure A.3: Photograph of MPB-attacked lodgepole pine stand adjacent to
Crooked River Provincial Park (MPB-03) taken from the top of the flux
tower (30 m) on 12 July 2010 in a west direction.
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Figure A.4: Photograph of the measurement tower with the seven measurement levels equipped with eddy-covariance systems, inlets for the closedpath infrared gas analyzer and radiometers. In the center part of the tower
the rain gauge (TE525M, Campbell Scientific (CSI), Logan, Utah) can be
seen. Just below the top of the tower, a propeller-vane anemometer (model
05103 R.M. Young Inc., Traverse City, MI) was installed. Photograph was
taken from south of the tower.
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Figure A.5:
Eddycovariance systems at
the seven levels looking from the tower towards the west.
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Figure A.6: Box containing the closed-path infrared gas analyzer (LI-840)
and a CR1000 datalogger.
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Figure A.7: Photograph of the eddy-covariance system at the z = 1.2m height showing the open-path infrared gas analyzer (LI-7500, LI-COR
Inc., Lincoln, Nebraska), the ultrasonic anemometer (CSAT3, CSI) and the
thermocouple. The funnel of inlet for the closed-path (LI-840, LI-COR)
infrared gas analyzer and the solenoids connection for the supply of the
calibration gas.
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Figure A.8: A sample of the radiometer used in the field campaign: (a) fourcomponent net radiometer (CNR-1, Kipp & Zonen B.V., Delft, The Netherlands (K&Z)) and quantum sensors (SQ-110, Apogee Instruments Inc., Logan, Utah) installed on tripod, (b) two four-component net radiometers
(CNR-1) during the in-field radiometer intercomparison at the beginning of
the field campaign (one was later installed on the tripod, while the other
one stayed at the tower top) and one quantum sensor (LI-190, LI-COR),
which was continuously installed at the tower top, (c) net radiometer (NR
Lite, K&Z) installed at the 2.7-m height and (d) pyranometer (CM5, K&Z)
installed on the ground.
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Figure A.9: Hemispherical photographs taken at the ground pyranometer
locations (P1A to P3C), the tripod locations (T1 to T3) and the tower. The
tower photograph was taken in the summer of 2007 by Mathew Brown. All
other photographs were taken in July 2010.
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Figure A.10: (a) Manual portable chamber system equipped with a closedpath infrared gas analyzer (LI-800, LI-COR) and a temperature and relative
humidity probe (HMP35CF, CSI) using an opaquely covered chamber while
measuring bole respiration. (b) The clear chamber while measuring at a soil
location. The quantum sensor attached to the system can also be seen in
this photograph.
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Figure A.11: All trees on which bole respiration measurements were performed. The numbers refer to the tree codes given in Table A.1.
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Table A.1: ID, tree species, status and bole circumference at breast height
for all trees on which bole respiration measurements were performed.
ID
Species
Status circumference at breast height (m)
I-1
lodgepole pine
live
0.38
I-2
lodgepole pine
live
0.36
I-3
lodgepole pine dead
0.90
II-1 lodgepole pine
live
0.36
II-2 lodgepole pine dead
0.52
II-3
subalpine fir
live
0.43
III-1 lodgepole pine dead
0.66
III-2
subalpine fir
live
0.50
III-3 lodgepole pine
live
0.37
IV-1
subalpine fir
dead
0.51
IV-2 lodgepole pine
live
0.82
IV-3
subalpine fir
live
0.39
V-1
subalpine fir
live
0.41
V-2 lodgepole pine
live
0.41
V-3 lodgepole pine dead
0.69
VI-1
subalpine fir
live
0.48
VI-2
subalpine fir
live
0.45
VI-3 lodgepole pine dead
0.55
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Figure A.12: All soil locations where soil respiration measurements were
performed. The numbers refer to the soil collar ID, where the roman number
indicates to which of the six plots the collar belongs. Photographs of I-1,
I-2 and III-3 were taken at the end, while all other photographs were taken
at the beginning of the field campaign.
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Figure A.13: (a) The portable photosynthesis system (LI-6400, LI-COR)
and (b) the attached transparent cuvette and quantum sensor.

Figure A.14: Location of bole temperature measurements. Green tape covers the entry holes for the bole thermocouples. All thermocouples were
connected to a multiplexer located in the white box.
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Appropriateness of single
rotation, double rotation and
planar fit
In the analysis in this dissertation, a combination of a single rotation
and a planar fit (called planar fit henceforth) was used to rotate the
coordinate system so that average of the u-component of the wind was
always pointing into the mean wind. Explanations of all rotation types
used here can be found in Aubinet et al. (2012). A single rotation is defined
as a rotation of the coordinate system so that the half-hourly average
of the u-component of the wind is always positive and the half-hourly
averaged perpendicular horizontal v-component is zero. Another common
rotation approach is the double rotation where the half hourly average
of the vertical wind component (w) would also be zero. When using
the planar fit, however the average of w over the entire campaign is
zero while half hourly individual w is not forced to be zero. This
approach can be used to correct for tilt of the anemometer or to adjust
to tilted terrain (Wilczak et al., 2001). Furthermore a triple rotation is
possible, where after doing the double rotation a third rotation is added to
ensure that v ′ w′ is zero. All rotations are described in Aubinet et al. (2012).
Micrometeorologists are reluctant to apply a double rotation within the
canopy since vertical winds different from zero are possible in the canopy
(Baldocchi and Hutchison, 1987). Also planar fits are not commonly
applied within the canopy. Usually a single rotation is used within the
canopy while double rotations or planar fits are, however, commonly used
above the canopy. Here, we test if the use of a planar fit is suitable in the
canopy of the current study.
The reasoning behind using a planar fit in this study is that there is a
possibility that the seven booms and mounting of the sonic anemometers
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Figure B.1: Wind inclination (ψ) vs. wind direction (WD) at the seven
levels (a: 1.2 m, b: 2.7 m, c: 7.6 m, d: 11.9 m, e: 16.5 m, f: 21.0 m and
g: 26.8 m) before any rotation or planar fit was applied. Wind direction
is direction relative to magnetic geographic North. Each dot is a 30-min
average from 14 July to 3 August 2010.
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Figure B.2: Same as Fig. B.1 but after planar fit was applied
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installed along the tower are slightly tilted. Figs. B.1 and B.2 show inclination of the wind from the horizontal plane (ψ) (also sometimes called angle
of attack) plotted against wind direction (WD) before and after the planar
fit was applied, respectively. The inclination is calculated as:


w
−1
,
(B.1)
ψ = −tan
VEC
where VEC is the vector wind calculated as:
p
VEC = u2 + v 2 .

(B.2)

The vertical wind is positive if it is an upward wind, while it is negative
if it is a downward wind. Therefore, wind from above will result in a
positive ψ and wind from below in a negative ψ.

Especially at the 7.6-m height, westerly winds had a substantial upward
component before the planar fit was applied, while easterly winds have a
similarly substantial downward component. Note that for the planar fit
only a slope correction was applied, while the offset correction was omitted
since only the slope correction has an effect on turbulent fluxes. After the
planar fit was applied, ψ was similarly distributed for all wind directions
at all levels. The rotation angles resulting from the planar fit are given in
Tab. B.1. The rotation angles around the x-axis and the y-axis are called
β and α, respectively. Rotation angles around the x and y-axis were less
than 5 ◦ at all seven levels. At z = 7.6 m,the largest rotation around the
y-axis (α = 4.79 ◦ ), while at z = 1.2 m the largest rotation angles around
the x-axis (β = 1.65 ◦ ) were found.

Table B.1: Rotation angles for planar fit
z(m)
1.2
2.7
7.6
11.9
16.5
21.0
26.8

β (◦ )
1.65
0.65
1.56
0.26
0.51
1.15
1.58

α (◦ )
0.05
0.25
4.79
2.17
0.41
0.69
0.91
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Certain wind inclination could result from flow distortion of vegetation
clumps near the sensors. However, the vegetation around the tower was
relatively homogeneous. The relatively large measured inclination at
z = 7.6 m could partly be caused by the roof installed on the tower
approximately at this height above the data loggers (see Fig. B.3). This
would not be a natural effect caused by the canopy but would be introduced
by the measurement set up.

Figure B.3: Photograph of the lower half of the measurement tower showing
the wooden roof structure installed close to the level at the 7.6-m height. The
photograph is taken from West of the tower looking East. The photograph
was taken by the author.

In the following, momentum flux calculated using three rotation
methods will be compared: half-hourly individual single rotation, planar fit
and half-hourly individual double rotation. Note that in case of the planar
fit and double rotation all quality checks as described in Chapter 2 were
conducted, while for the single rotation the only applied check that was
conducted was that only full half-hour datasets were considered. Figs B.4
shows the half-hourly averaged kinematic shear stress (u′ w′ ) on 24 July
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2013 (a representative day during the campaign) using the three rotation
approaches, and u at all seven levels.
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Figure B.4: (a - g) Momentum flux (u′ w′ ) based the three rotation approaches (green: single rotation, red: double rotation and black: planar fit)
at the seven levels (a: 1.2 m, b: 2.7 m, c: 7.6 m, d: 11.9 m, e: 16.5 m, f: 21.0
m and g: 26.8 m) on 24 July 2010. (h) Half-hourly averaged horizontal wind
(u) measured at the seven levels (red: 1.2 m, orange: 2.7 m, light green: 7.6
m, green: 11.9 m, turquoise: 16.5 m, blue: 21.0 m and black: 26.8 m) on
the same day.

The single rotation and the planar fit showed very similar results
for u′ w′ . The double rotation resulted most of the time in similar
results as well, however, during some half hours it showed some spiking.
Fig. B.5 shows u′ w′ determined with double rotation vs. planar fit
and u′ w′ determined with single rotation vs. planar fit. Table B.2
gives the correlation coefficients (R2 ) and the linear fit parameters for
the the comparisons. The single rotation and the planar fit agree at
all levels better (slope > 0.963, R2 > 0.909) than the double rotation
and planar fit (slopes > 0.809, R2 > 0.664). The higher up in the
canopy the better the three rotation methods agreed. Especially the single rotation and planar fit had a very high correlation high up in the canopy.
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Figure B.5: (a - g) Kinematic momentum flux (u′ w′ ) determined with double
rotation vs. planar fit (blue: linear fit) and u′ w′ determined with single
rotation vs. planar fit (red: linear fit) at the seven levels (a: 1.2 m, b: 2.7
m, c: 7.6 m, d: 11.9 m, e: 16.5 m, f: 21.0 m and g: 26.8 m). Every dot
stands for a 30-min period between 14 July and 3 August 2010. The lines
are linear regressions fitted to the red and blue dots.
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Table B.2: Linear fit coefficients and correlation coefficients for u′ w′ of double rotation vs. planar fit and single rotation vs. planar fit.

z(m)
1.2
2.7
7.6
11.9
16.5
21.0
26.8

slope
0.809
0.976
0.991
0.936
0.943
0.914
0.985

double vs. planar
offset
0.004
0.004
0.000
0.007
0.005
0.000
0.003

R2
0.664
0.821
0.975
0.984
0.984
0.981
0.981

slope
0.963
0.978
0.991
0.973
0.984
0.964
0.953

single vs. planar
offset
0.000
0.000
0.000
0.000
0.000
0.000
0.000

R2
0.909
0.992
0.982
0.998
1.000
0.997
0.994
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Heat flux plate
intercomparison
A soil heat flux plate (HFP) intercomparison was conducted from August 9
to 15, 2012. Two CN3 heat flux plates (serial number (SN): F239 and F579,
both Middleton Solar, Victoria, Australia) were compared to a reference
heat flux plate (SN: H063006, HFT-3, Campbell Scientific, Logan, UT,
USA). The intercomparison procedure was based on an internal report on
heat flux plate intercomparisons written by Trevor Baker (pers. com.).

Figure C.1: Insulated sand chamber used to calibrate heat flux plates. The
chamber was heated by a central heater plate powered by an Anatek 50V/1A
power supply. Photograph taken by Trevor Baker.
Soil heat flux plates were calibrated in an insulated sand chamber (see
Fig. C.2), which was heated by a central heater plate powered by an
Anatek 50V/1A power supply (Anatek, Amherst, New Hampshire). For
the intercomparison, one side of the chamber (opposite the heater plate
plugs) was excavated so that it was half-empty. The three HFPs (the
reference HFP and the two other HFPs) were inserted into the chamber at
equal distance from and parallel to the heater plate with their tops facing
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towards it. The reference HFP was located between the HFPs that were
to be calibrated. The chamber was slowly filled with sand, making sure
that plates did not move and wires ran vertically upwards. The power
supply was attached to the heater plate turned on to maximum voltage
and current (∼29 V, 1 A). The chamber was heated for approximately
22 h (until temperature did not change significantly anymore) to allow
it to reach thermal equilibrium. When the chamber reached thermal
equilibrium, the power supply was turned off and the chamber was left to
cool for approximately 24 h. When the chamber had fully cooled down,
the HFPs were flipped before repeating the above procedure. This allowed
to calibrated the HFPs in both directions. Heat flux measured by the the
HFPs was recorded on a CNR10X datalogger (Campbell Scientific, Logan,
UT, USA). The maximum heat flux from the power supply was 75 W m−2 .
The reference HFP measurements were used to determine calibration
coefficients, rather than using the calculated heat flux that could be
determined with Power = voltage2 /resistance. Furthermore only the
cooling period and only when the reference sensor measured less then 40
Wm−2 was considered for the calibration.
The last calibration dated back to June 01, 1971 for F239 with
calibration coefficients of 37.4532 W m−2 mV−1 for F239in and 39.0625
W m−2 mV−1 for F239out . The last calibrated for F579 dated back to
April 01, 1975 with calibration coefficients of 45.8716 W m−2 mV−1 for
F579in and 47.3934 W m−2 mV−1 for F579out . The subscripts in and out
mean that the top or the bottom of the HFP was facing the heater plate,
respectively.
New calibration coefficients were determined by plotting the reference
measurements against the measurements from the HFPs that were to be
calibrated. The new calibration coefficients for F239in was 53.967 W m−2
mV−1 (Fig. 1), for F579in was 72.413 W m−2 mV−1 (Fig. 2), for F239out
was 59.979 W m−2 mV−1 (Fig. 3) and for F579out 61.142 W m−2 mV−1
(Fig. 4). Table C.1 summarizes the new calibration factors. The calibration
factors from the intercomparison period when the HFP tops were facing
the heat plate were used to correct the field campaign data. All other
HFPs used in this study were calibrated in a separate intercomparison but
following the same procedure.
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Table C.1: New calibration factors (in W m−2 mV−1 ).
in
out
F239 53.967 59.979
F579 72.413 61.142

Figure C.2: Voltage measured by the each HFP plotted against the reference HFP heat flux (QG,ref ) for (a) F239in , (b) F239out , (c) F579in and (d)
F579out . The equations of the linear regression and the correlation coefficients (R2 ) are also shown.
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Comparing the WPL
correction to eddy fluxes
based on mixing ratios
When calculating the CO2 or H2 O flux densities, a density correction is
crucial when using open-path IRGAs (Webb et al., 1980). However, if CO2
or H2 O mixing ratios are used in the calculations instead of densities, this
density correction is not required (Webb et al., 1980). For quality control,
the two approaches to determine density corrected flux densities were
compared using the data in this thesis.
First, latent (QE in W m−2 ) and CO2 flux densities (Fc in µmol m−2
were calculated based on instantaneous mixing ratios using Eqs. D.1
and D.2, respectively.

s−1 )

QE = λρa w′ m′q

(D.1)

Fc = Mc ρa w′ m′c ,

(D.2)

where Mc is the molar mass of CO2 , mq is the H2 O mixing ratio and mc is
the CO2 mixing ratio (both in g kg−1 ), w is the vertical wind speed (in m
s−1 ), ρa is the density of dry air (in kg m−3 ) and λ denotes the latent heat
of evaporation (2.45 × 106 J kg−1 ). Overbars denote half-hourly averages
and primes are deviations from this average.
H2 O and CO2 densities were converted to instantaneous mixing ratios
using Eqs. D.3 and D.4.
mq =

Mq e
Md p − e

(D.3)
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mc =

ρc
ρa

(D.4)

where Mq and Md are the molar mass of H2 O and dry air (in kg mol−1 ),
respectively. ρc is the CO2 density in kg m−3 , p is the air pressure in kPa.
The water vapour pressure (e in kPa) and density of dry air (ρa in kg m−3 )
were calculated as:
e = ρq Rw Ta ,
(D.5)
ρa =

p−e
,
Rd Ta

(D.6)

where ρq is the H2 O density in the air in kg m−3 , Ta is the air temperature
in K and Rd is the gas constant of dry air.
Second, the density correction according to Webb et al. (1980), henceforth called the WPL correction, was applied to the 30-min averaged covariances to calculate the QE and Fc :


ρq QH
,
(D.7)
QE = (1 + µσ) QE,raw + λ
ρ cp,m Ta
FC = Fc,raw +

ρc
ρc Q H
µ
,
E+
·
ρa 1 + µσ
ρ cp,m Ta

(D.8)

ρ

q
d
where µ = M
Mq and σ = ρa , ρ is the total density of the air, QH is the
sensible heat flux and cp,m is the specific heat of moist air. The uncorrected
latent heat and CO2 flux densities (QE,raw and Fc,raw , respectively) were
calculated as:

QE,raw = λw′ ρ′q ,

(D.9)

Fc,raw = Mc w′ ρ′c .

(D.10)

Both methods to calculate the density-corrected QE and Fc were
applied to all data from 14 July to 3 August 2010. To assess the similarity
of the results of both of the two methods were plotted against each other,
for QE and Fc and each level separately. In the figures, the subscript WPL
implies that the method based on the WPL correction was used and the
subscript inst implies that the method based on instantaneous mixing
ratios was used. The comparison of QE is shown in Fig. D.1 and the
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graphical comparison of Fc can be found in Fig. D.2. All figures also show
the 1:1 line, linear regression coefficients and Pearson correlation coefficients.
In the case of QE the calculated fluxes using the two approaches were
similar, which can be seen by the proximity of the plotted dots to the 1:1
line. Furthermore, the regression slopes were always 1.01 and the correlation
coefficients (R2 ) were always 1.00. Also for Fc , both methods resulted in
similar fluxes for most levels but were more scattered than for QE . At
z = 1.2, R2 was 0.96 and the slope was 0.90. At all other levels R2 was
between 0.98 and 0.99 and the slopes were between 0.93 and 0.99.
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Figure D.1: Comparison of the latent heat flux density based on instantaneous mixing ratio (QE,inst) and using the
WPL correction (QE,WPL ). Each dot stands for one half hour. The black lines show the 1:1 line. The equations
of the linear regressions and the Pearson correlation coefficients are also given.
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Figure D.2: Comparison of the CO2 flux density based on instantaneous mixing ratio (Fc,inst ) and using the WPL
correction (Fc,WPL ). Each dot stands for one half hour. The black lines show the 1:1 line. The equations of the
linear regressions and the Pearson correlation coefficients are also given.
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Appendix E

Vertical profile of tree
volume and surface
In this appendix the vertical profile of average bole volume fraction
and average bole surface fraction at the mountain pine beetle (MPB)
infested lodgepole pine stand MPB-03 are determined. The results of this
appendix were used in the analysis of the vertical energy balance profile
(Chapter 2)and the analysis of the vertical distribution of CO2 sources
and sinks using an ecophysiological approach at the same stand (Chapter 3).
This analysis was based on National Forest Inventory (NFI) data provided by Dr. Tony Trofymow (Pacific Forestry Centre). Ground plots were
established and measured at MPB-03 adjacent to Crooked River Provincial
Park in 2006 following NFI guidelines (NFI 2004E). The NFI data included
tree height (H, in m), diameter at breast height (DBH, in cm) and tree status (live or dead), amongst others. Data was reported separately for small
and for large trees. Plot size for small tree counts was 0.005 ha and for large
tree counts was 0.04 ha.

E.1

Tree taper

In the following, the canopy is split into seven separate layers, where the
layers are defined as:
Layer 1: 0.0 - 1.2 m,
Layer 2: 1.2 - 2.7 m,
Layer 3: 2.7 - 7.6 m,
Layer 4: 7.6 - 11.9 m,
Layer 5: 11.9 - 16.5 m,
Layer 6: 16.5 - 21.0 m,
Layer 7: 21.0 - 26.8 m.
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Table E.1: Number (Nt ), average height and average DBH of dead trees by
layer they end in.
End in layer Tree type Nt (ha−1 ) Average height (m) Average DBH (mm)
2
small
260
1.70
16.8
2
large
7.5
2.60
115.0
3
small
60
4.50
23.0
3
large
25
7.13
105.3
4
large
82.5
10.59
130.8
5
large
167.5
14.22
160.7
6
large
175
18.51
207.6
7
large
7.5
21.5
282.0
Table E.2: Number (Nt ), average height and average DBH of live trees by
layer they end in.
End in layer Tree type Nt (ha−1 ) Average height (m) Average DBH (mm)
2
small
1260
1.90
12.4
3
small
400
4.20
38.0
3
large
25
6.58
103.3
4
large
32.5
9.15
107.3
5
large
17.5
13.05
150.5
Vertical tree taper, volume and surface profiles were determined
separately for dead and live trees. For each layer, the number of trees
ending in this layer, their average height and their average DBH was
determined (Tables E.1 and E.2). Small trees and large trees were in a first
step treated separately since they come from separate counts.
Ormerods taper function (Ormerod, 1973) was used to determine the
diameter of each average tree at the top and the bottom height of each layer
it contributed to:


H − h 1.6
2
2
(E.1)
dt (h) = DBH
H − hb
where h is the height above ground (h ≤ H), d(h) is the stem diameter at
height h and hb is the breast height (1.3 m).
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E.2

Tree volume fraction

For the calculation of energy storage change in the boles, the vertical profile
of bole volume is needed. Smalians volume formula was used to calculate
the volume (Vl , m3 ) of each average tree that contributed to a layer:
Vl =

A1 + A2
l
2

(E.2)

where A1 (m2 ) is the tree disc area at the bottom of the layer, A2 (m2 ) is
the tree disc area at the top of the layer and l is the layer thickness (m).
The tree disc area was calculated with the standard area formula for a circle:
A = π(dt /2)2 . A tree contributed to a layer if it ended within or above this
layer. If the tree ended within the layer but below the top of the layer, only
the length of the bole part that was within the layer (not the entire layer
thickness) was used and A2 was the diameter at the top of the tree (which is
basically A2 = 0 m2 , because the diameter becomes close to 0 m at the top
of the tree). The average volume of a tree type (e.g. small tree, ending in
layer 2) per ha was then determined by multiplying the tree types volume
by the number of trees of this type per ha. Volume per ha ground was then
converted to volume per m2 ground. The volume of all trees that had at
least parts of their boles within the layer were added to determine the total
wood volume per m2 ground and then the volume faction of a layer (θtree ,
m3 tree m−3 canopy) was calculated as:
P
Vi Nt,i [m−2 ]
(E.3)
θtree = i
l
Dead and live trees were kept separate because their tree temperatures
rates differed during the 2010 field campaign and separate tree bole
measurements for live and dead trees were available. Table E.3 shows the
bole volume fractions (θtree , m3 m−3 ) determined from this analysis.
Since this NFI data is from 2006, and we know that the mortality rate of
mature pine trees increased afterwards to almost 100 % (Bowler et al., 2012),
it was assumed that all pine trees that were larger than 16.5 m and alive
in 2006, were dead by 2010. Therefore in the energy balance calculations
the volume fraction of live and dead trees in layer 5 were 0 m3 m−3 and
8.91 × 10−5 m3 m−3 , respectively.
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Table E.3: Bole volume fractions (θtree , m3 m−3 ) for each layer and tree
status in 2006.
Dead trees
Live trees
−3
Layer 1 1.25×10
2.16×10−4
−3
Layer 2 1.04×10
1.06×10−4
Layer 3 6.89×10−4
3.59×10−5
−4
Layer 4 3.01×10
5.27×10−6
−5a
9.51×10−8 b
Layer 5 8.90×10
Layer 6 6.94×10−6
0
Layer 7 4.14×10−9
0
a
Assuming that all trees taller than 16.5 m were dead by 2010, 8.91 × 10−5 m3 m−3
was used in the calculations of the energy balance.
b
Assuming that all trees taller than 16.5 m were dead by 2010, 0 m3 m−3 was used in
the calculations of the energy balance.

E.3

Tree surface fraction

For the ecophysiological analysis of CO2 source/sink distribution, the average bole surface fraction was needed. The tree surface area for each average
tree contributing to a layer was then determined using a similar function as
Smalians volume function, but for surface area:
Al =

C1 + C2
l
2

(E.4)

where Al (m2 ) is the tree surface area of an average tree within the layer
and C1 and C2 (m) are the tree circumferences at the top and the bottom
of the layer, respectively. The tree circumference was calculated with the
standard circumference formula for a circle: C = 2πdt /2. The average
surface area of a tree type (e.g. small tree, ending in layer 2) per ha was
then determined by multiplying the tree types surface area by the number
of trees of this type per ha. We then converted surface area per ha ground
to the surface area per m2 ground. The surface area of all trees that have
at least parts of their boles within the layer were added to determine the
total surface area per m2 ground, which is the area fraction of a layer (BAI,
m2 tree m−2 canopy). Dead and live trees were kept separate because their
CO2 exchange rates differed substantially during the MPB-03 2010 field
campaign and separate tree bole measurements for live and dead trees are
available. Table E.4 shows the bole volume fractions determined in this
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Table E.4: Bole surface area fractions (BAI, m2 m−2 ) for each layer and tree
status in 2006.
Dead trees
Live trees
−2
Layer 1 3.61×10
3.01×10−2
−2
Layer 2 3.81×10
1.15×10−2
Layer 3 9.10×10−2
9.08×10−3
−2
Layer 4 4.72×10
1.45×10−3
−2a
7.41×10−5 b
Layer 5 2.07×10
Layer 6 2.69×10−3
0
Layer 7 7.13×10−6
0
a
Assuming that all trees taller than 16.5 m were dead by 2010, 2.08 × 10−2 m2 m−2
was used in the calculations of the energy balance.
b
Assuming that all trees taller than 16.5 m were dead by 2010, 0 m2 m−2 was used in
the calculations of the energy balance.

analysis.
Since this NFI data is from 2006, and we know that the mortality rate of
mature pine trees increase afterwards to almost 100 % (Bowler et al., 2012),
it was assumed that, as for the volume fraction, all pine trees that were
larger than 16.5 m and alive in 2006, were dead by 2010. Following this
assumption the surface area fraction of live and dead trees in layer 5 were 0
m2 m−2 and 2.08×10−2 m2 m−2 , respectively.
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Appendix F

Energy balance closure and
turbulence thresholds
Under low turbulence conditions, the atmosphere above the canopy can be
decoupled from the canopy layers below resulting in a non-negligible advection term. Under these conditions energy balance closure (EBC) decreases
substantially. This is typically a problem during nighttime. Researchers
use turbulence thresholds to exclude those low turbulence periods. Turbulence dependency of EBC was examined for all seven levels that were
measured during the 2010 MPB-03 field campaign. Details about the field
site and instrumentation are given in Chapter 2. Measurements were made
at seven measurements levels with heights normalized by the canopy height
of z/h = 0.06, 1.14, 0.38, 0.60, 0.83, 1.05 and 1.34. EBC was calculated for
every half hour and every level as
EBC =

Q∗

QE + QH
,
− ∆QS − QG

(F.1)

where QE , QH , Q∗ , ∆QS and QG are the latent heat flux density, sensible
heat flux density, net radiative flux density, rate of change in energy storage
in the control volume and soil heat flux density (all in W m−2 ).
Typical measures
of turbulence used in this context are the friction
q
4
2
2
velocity (u∗ =
u′ w′ + u′ v ′ )(e.g., Barr et al., 2006) and the standard
√
deviation of the vertical wind velocity (σw = w′2 , where w is the vertical
wind) (e.g., Launiainen et al., 2005).
Energy balance closure was plotted against u∗ and σw to determine,
which u∗ and σw thresholds were the most adequate to ensure a good
closure but without losing too much data. Fig. F.1 shows EBC plotted
against u∗ at the same level (u∗,z ), while Fig. F.2 shows EBC plotted
against u∗ above the canopy (z/h = 1.34, u∗,top ) for the EBC range of 0
to 1.5. u∗,z and u∗,top thresholds at each level, above which EBC did not
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improve substantially were determined visually and are listed in Table 2.4.

Table F.1: Visually determined u∗ thresholds when using u∗ at the same
level (u∗,z ) and above the canopy (u∗,top ) for the seven measurement levels.
z/h u∗,z threshold (m s−1 ) u∗,top threshold (m s−1 )
0.06
0.12
0.35
0.14
0.14
0.35
0.38
0.15
0.35
0.60
0.23
0.35
0.83
0.25
0.35
1.05
0.35
0.35
1.34
0.35
0.35
Fig. F.3 shows EBC plotted against σw at the same level (σw,z ), while
Fig. F.4 shows EBC plotted against σw above the canopy (σw,top ) for the
EBC range of 0 to 1.5. σw,z and σw,top thresholds at each level, above
which EBC did not improve substantially were determined visually and are
listed in Table 2.4.
Table F.2: Visually determined σw thresholds when using σw at the same
level (σw,z ) and above the canopy (σw,top ).
z/h σw,z threshold (m s−1 ) σw,top threshold (m s−1 )
1
0.15
0.50
2
0.20
0.50
3
0.35
0.50
4
0.40
0.50
5
0.50
0.50
6
0.50
0.50
7
0.50
0.50

There was a more apparent change in slope when using u∗ as the turbulence criterion than when using σw . Hence in this study, using u∗ is a
better criterion to exclude periods with low EBC due to low turbulence.
The change in slope was similarly apparent when using u∗ and σw above the
canopy as when using u∗ and σw measured at the levels. It can also be seen
that the EBC at z/h = 0.06 determined in Chapter 2 was due to averaging
a large spread of EBC values.
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Figure F.1: Half-hourly energy balance closure (EBC, black crosses) for
all seven levels plotted against the
equivalent of the friction velocity at
the same level (u∗,z ), showing closure ranging from 0.5 to 1.5. The
red lines show the u∗,z thresholds as
listed in Table F.1.
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friction velocity above the canopy
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the u∗,top thresholds as listed in Table F.1.
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Figure F.4: Half-hourly energy balance closure (EBC, black crosses)
for all seven levels plotted against
the standard deviation of the vertical wind above the canopy (σw,top ),
showing closure ranging from 0.5 to
1.5. The red lines show the σw,top
thresholds as listed in Table F.2.
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Appendix G

Species-specific leaf area
index
This appendix examines the vertical distribution of species specific leaf area
index (LAI) at the mountain pine beetle (MPB) infested lodgepole pine
stand MPB-03 (adjacent to Crooked River Provincial Park). The results
of this appendix were used in the analysis of the vertical distribution of
CO2 sources and sink using an ecophysiological approach (see Chapter
3). The data presented in this appendix is based on species-specific LAI
measurements (Table G.1) from Bowler et al. (2012). Only living trees are
considered in this appendix. According to the National Forest Inventory
guidelines (NFI 2004E), large trees are defined as trees ≥ 1.3 m and with a
DBH ≥ 9 cm and Small trees are trees that are taller than 1.3 m and have
a DBH < 9 cm.
The broadleaf vegetation was solely abundant below 1.2 m height and
therefore the broadleaf LAI (1.088 m2 m−2 ) belonged entirely to the understory layer as defined in the CO2 source/sink analysis (Chapter 3). Small
trees have an average height of 1.93 m for pine trees and 3.53 m for fir
trees. It was assumed that one third of the leaves were located within the
understory layer and two thirds belonged to the secondary structure layer.
Therefore small trees contribute with 0.053 m2 m−2 to the understory layer
and with 0.107 m2 m−2 to the secondary structure layer. Seedling and
saplings were assumed to belong entirely to the understory layer (0.024 m2
m−2 ). Large trees were assumed to only contribute to the secondary structure layer. Therefore, they contributed with 0.293 m2 m−2 to the LAI of
the secondary structure layer. All conifers were assumed to have the same
photosynthesis rates and all understory broadleaf species were also assumed
to have the same photosynthesis rates, so that LAI-contributions to the
vegetation layers could be summarized as shown in Table G.2.

224

DBH
(cm)
11.35
12.38
13.55

Plant density
(stems ha−1 )
37
63
2
102

Foliage mass
(kg ha−1 )
118.8
439.6
15.8
574.2

SLA
(cm2 g−1 )
52.8 (5.3)
50.3 (7.5)
54.6 (6.4)

LAI
(m2 m−2 ground)
0.063
0.221
0.009
0.293

Large tree

Pine
Fir
Spruce
Total

Small tree

Pine
Fir
Total

1.75
3.53

650
200
850

146.3
164.9
311.2

52.8 (5.3)
50.3 (7.5)

0.077
0.083
0.160

Seedling/sapling

Pine
Fir
Spruce
Total

N/A
N/A
N/A

1100
450
50
1600

24.41
19.1
2.0
45.7

52.8 (5.3)
50.3 (7.5)
54.6 (6.4)

0.013
0.010
0.001
0.024

Shrub
Herb
Evergreen
Lycopod
Total

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

178.9
55.5
396.9
283.9
915.2

173.8 (49.4)
199.1 (59.7)
104.7 (64.7)
88.1 (37.4)

0.311
0.111
0.416
0.250
1.088

Broadleaf

Appendix G. Species-specific leaf area index

Table G.1: Average species specific data from MPB-03: tree diameter at breast hight (DBH), plant density,
foliage mass, specific leaf area (SLA) and leaf area index (LAI) (from Bowler et al., 2012). Numbers in brackets
are standard deviations.

225

Appendix G. Species-specific leaf area index

Table G.2: Contributions of broadleaf and coniferous vegetation to the three
vegetation layers.
Layer
Plant type LAI (m2 m−2 )
Understory
Broadleaf
1.088
Conifer
0.077
Secondary structure Broadleaf
0
Conifer
0.400
Overstory
Broadleaf
0
Conifer
0
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Appendix H

NEP partitioning
Several approaches exist to partition net ecosystem productivity
(N EP = −N EE, where N EE is net ecosystem exchange) into gross
ecosystem photosynthesis (GEP) and respiration (R). In this thesis, three
different approaches were used and compared: Non-rectangular hyperbolic
fit through daytime NEP data following Gilmanov et al. (2003), linear fit
through low-light-level daytime data following Jassal et al. (2007) and a
nighttime approach as explained in Stoy et al. (2006).
Photosynthetically active radiation (PAR) was measured at all levels except the second highest level. For this level we interpolated linearly PAR
from the measurements above and below this level. The level heights (z)
normalized by the canopy height (h) were z/h = 0.06, 0.14,0.38, 0.60, 0.83,
1.05, 1.34. CO2 flux density (Fc ) was measured with eddy-covariance instrumentation at all seven levels (for details on instrumentation and field
site see Chapter 3) and storage-corrected CO2 flux density (NEEz in µmol
m−2 s−1 ) was determined as:
Z z
∂ρc
N EEz = Fc +
dz,
(H.1)
o ∂t

where the second term is the rate of storage change, ρc is the CO2 molar
density (in µmol m−3 ) and t is the time (s). NEPz is by definition = −NEEz .
All NEPz and PAR values are 30-min averages. No turbulence thresholds
were used. To follow the NEP sign convention, positive values of NEPz
mean the rate that C is taken up or stored by the ecosystem below level
z while negative values mean the rate C is being lost from the ecosystem
below level z.

H.1

Non-rectangular hyperbolic fit using
daytime NEP

Following Gilmanov et al. (2003), NEPz was partitioned into cumulative
photosynthesis (P ) and respiration (R) rates below the level z. Thirty-min
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periods were only included in this analysis if PAR > 5 µmol m−2 s−1
during the same half hour.
A non-rectangular hyperbolic function (Gilmanov et al., 2003) was fitted
to all 30-min averaged data from each level. The non-rectangular hyperbolic
function used was:
p
ϕP AR + δ − (ϕP AR + δ)2 − 4ϕδγP AR
−R
(H.2)
NEPz =
2γ
where ϕ is the initial slope of the function, δ is the light-saturated net
photosynthesis, γ is the curvature factor for the inflection point and R is
the respiration rate of the ecosystem beneath level z. In the following, this
analysis is done once using PAR at each level (PARz ) and once using PAR
above the canopy (PARtop ).
Figures H.1 and H.2 show NEPz plotted against PARz and PARtop ,
respectively and the fitted function for each level. The fitting parameters
determined using the PARz and PARtop are given in Table H.1.

H.2

Linear fit under low-light conditions

In another approach to determine R, daytime NEPz measurements under
low light levels (PAR between 5 and 200 µmol m−2 s−1 ) were used. Using
a linear regression, R equals the negative value of the intercept value of
the linear fit on the y-axis at PAR = 0. Figures H.3 and H.4 show the
measured data and the fitted lines for each level when using PAR measured
at each level (PARz ) and PAR above the canopy (PARtop ), respectively.
The resulting fit parameters (slope and R = −intercept) are given in Table
H.2. If PARz was used, low light levels were defined as 5 < PARtop < 200
µmol m−2 s−1 and if PARtop was used they were defined as 5 < PARtop < 400
µmol m−2 s−1 .
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Figure H.1: Daytime NEPz plotted
against PARz for all seven levels.
Crosses are 30-min averaged data
and dashed lines are the corresponding fits for the 30-min averaged data.
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Figure H.2: Daytime NEPz plotted
against PARtop for all seven levels.
Crosses are 30-min averaged data
and dashed lines are the corresponding fits for the 30-min averaged data.
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Figure H.3: Low-light level daytime
NEPz plotted against PARz for all
seven levels. Crosses are 30-min averaged data and solid lines are the
corresponding linear fits for the 30min averaged data.
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Figure H.4: Low-light level daytime
NEPz plotted against PARtop for all
seven levels. Crosses are 30-min averaged data and solid lines are the
corresponding linear fits for the 30min averaged data.
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H.3. Q10 model based on nighttime data

Table H.1: This table contains the fitting parameters of the non-rectangular
hyperbolic functions for each level determined based on half-hourly averaged
data using PARz and PARtop . It also gives the root mean square error
(RMSE) of the data compared to the fitted lines.
PARz

z/h

ϕ

PARtop

0.06
0.14
0.38
0.60
0.83
1.05
1.34
z/h

0.009
0.006
0.012
0.014
0.012
0.011
0.009
ϕ

0.06
0.14
0.38
0.60
0.83
1.05
1.34

0.003
0.003
0.006
0.009
0.010
0.010
0.009

H.3

δ
(µmol m−2 s−1 )
1.66
1.83
4.96
5.67
5.07
5.17
4.80
δ
(µmol m−2 s−1 )
1.57
1.88
5.06
5.61
4.98
5.19
4.80

γ
0.9999
0.9999
0.9915
0.9952
0.9999
0.9999
0.9999
γ
0.9999
0.9746
0.9822
0.9999
0.9999
0.9999
0.9999

R
µmol m−2 s−1 )
0.79
0.50
1.42
2.14
2.31
2.35
2.51
Rd
µmol m−2 s−1 )
0.71
0.53
1.31
2.08
2.24
2.36
2.51

RMSE
(µmol m−2 s−1 )
1.097
1.697
2.815
2.920
3.438
3.574
4.406
RMSE
(µmol m−2 s−1 )
1.093
1.691
2.825
2.903
3.452
3.577
4.406

Q10 model based on nighttime data

In a third approach, R was estimated by applying the Q10 model to the
nighttime NEPz data. Nighttime was defined as the time when shortwave irradiance above the canopy was equal to zero. The Q10 relationship
Gaumont-Guay et al. (2006):
Ta −10 ◦ C
10 ◦ C

R = R10 Q10

,

(H.3)

where Ta is the air temperature, R10 is the respiration at 10 ◦ C and Q10 is
the relative increase in R for a 10 ◦C increase in Ta . As can be seen in Fig.
H.5, the determined Q10 -relationship was not reliable for some of the levels
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Table H.2: This table contains the fitting parameters (slope and R = intercept) of the linear fit for each level determined based on 30-min averaged
low-light-level daytime data either using PAR at each level (PARz ) or PAR
above the canopy (PARtop ). It also gives the root mean square error (RMSE)
of the data compared to the fitted lines.
PARz

z/h

PARtop

0.06
0.14
0.38
0.60
0.83
1.05
1.34
z/h
0.06
0.14
0.38
0.60
0.83
1.05
1.34

R
(µmol m−2 s−1 )
0.77
0.56
1.29
1.86
2.07
2.52
2.78
R
(µmol m−2 s−1 )
0.64
0.49
1.42
1.76
2.12
2.50
2.78

Slope
0.008
0.007
0.010
0.010
0.011
0.015
0.015
Slope
0.002
0.003
0.007
0.006
0.010
0.014
0.015

RMSE
(µmol m−2 s−1 )
1.590
1.818
3.214
3.800
5.605
5.072
5.328
RMSE
(µmol m−2 s−1 )
1.388
1.562
3.236
3.881
4.004
4.757
5.328

(decreasing R with temperature). Therefore, average nighttime respiration
for each level was determined and is given in Table H.3.

H.4

Comparison

The results of the above approaches are summarized in Fig. H.6, where
the R profile determined based on 30-min averaged daytime data when fitting a non-rectangular hyperbolic function, based on low-light level daytime
data when fitting a linear regression and the average nighttime R values
are shown. A bootstrapping analysis was conducted in order to determine
the robustness of the results. 100 subsamples of the data were determined
(a random 90 % of the data) for each method and the same analysis was
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Figure H.5: Nighttime NEPz plotted against Ta for all seven levels.
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Table H.3: This table contains the mean and standard deviation (STD) of
nighttime NEPz .
z/h
0.06
0.14
0.38
0.60
0.83
1.05
1.34

Mean
(µmol m−2 s−1 )
-0.84
-0.38
-1.22
-1.95
-2.33
-3.03
-3.48

STD
(µmol m−2 s−1 )
1.15
1.15
1.40
1.85
2.93
2.96
2.56

conducted on each of the subsamples. Standard deviations (STD) of these
100 subsamples were calculated and are shown in Fig. H.6. All partitioning
methods resulted in similar profiles, with only the method based on nighttime NEPz averages showing larger R values in the upper canopy and above.
The method based on low-light level daytime data had the smallest STDs
and was therefore the robustest. In this case, STDs were very similar if using
PARz or PARtop . Only at z/h = 0.06 and 0.38, STD was significantly larger
when using PARz than when using PARtop . The largest STDs were found
for the method fitting the non-rectangular hyperbolic function to daytime
data and using PARtop , which was therefore the least robust method.
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Figure H.6: Respiratory (R) flux density profiles (cumulative R for ecosystem below z/h) based on 30-min averaged data determined with the following partitioning methods: (a) partitioning based on average nighttime
(NT) data, fitting a non-rectangular hyperbolic function (NRHF) using (b)
PARz and (c) PARtop as well as linear fit to low-light-level daytime data
(LL) using (d) PAR at each level (PARz ) and (e) using PAR above the
canopy (PARtop ). Error bars are standard deviations determined with the
bootstrapping analysis. (f) shows all R profiles in one plot.
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Appendix I

Supporting figures and tables
from pressure calibration
This Appendix shows figures and tables from the pressure calibration of
the LI-7500 infrared gas analyzers. The pressure calibration is described in
Section 4.3.3.
95

p (kPa)

94

93

92

91
12 Jul

17 Jul

22 Jul

27 Jul

01 Aug

06 Aug

11 Aug

16 Aug

Figure I.1: Pressure (p) at the six levels before any calibration was applied.
Orange: z/h = 0.14, light green: z/h = 0.38, dark green: z/h = 0.60,
turquoise: z/h = 0.83, blue: z/h = 1.05 , black: z/h = 1.34.
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Figure I.2: Correlation between the pressure at each level and
the pressure at z/h =
1.34. Shown are halfhourly averages.
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z/h
0.14
0.38
0.60
0.83
1.05

Slope
0.98419
0.97899
0.99298
0.99877
0.97940

Offset (kPa)
1.35140
1.05508
0.11810
0.27767
1.77837

R2
0.98407
0.97897
0.99285
0.99866
0.97942

Table I.1: Slopes and offsets from linear regression and coefficients of determination for z/h = 0.14 to 1.05 compared to pressure at z/h = 1.34.

z/h
0.06
0.14
0.38
0.60
0.83
1.05

Height correction (kPa)
0.28100
0.26415
0.21039
0.16331
0.11330
0.06324

Total offset (kPa)
1.63240
1.61555
1.26546
0.28241
0.39097
1.84161

Table I.2: Height corrections and the total calibration offset (offset from
linear fit + height correction) for the pressure at each level
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Appendix J

Mixing ratio uncertainties
due to propagation of
pressure uncertainties
J.1

Introduction

Latent heat and carbon dioxide (CO2 ) fluxes determined in this dissertation
required measurements of CO2 and water vapour (H2 O) mixing ratios
(mc and mq , respectively). Open-path infrared gas analyzers (IRGA,
model LI-7500, LI-COR Inc., Lincoln, Nebraska) used to measure molar
densities of CO2 and H2 O (ρc and ρq , respectively) in mmol m−3 .
The open-path IRGAs also measured pressure (p) inside the control box,
which were later on used to make density corrections to the calculated fluxes.
The pressure measurements were used to convert ρc and ρq to mixing
ratios (in g kg−1 ). During the data analysis relatively large pressure
differences (δp of up to 1.1 kPa) between the measurement levels were
observed, which could not be explained by the height differences. The
measurements of p were corrected by adjusting them to p at one arbitrarily
selected level (see Section 4.3.3), but there was still the possibility that
p was offset by the same amount at all level even though p differences
between the levels were expected to be correct. In order to understand the
impact of pressure inaccuracies, an error estimation is presented here.

J.2
J.2.1

Uncertainty analysis
Water vapour mixing ratio

We assume that the actual p was lying within the range of measured
pressures at the different levels before p was calibrated. Therefore the
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J.2. Uncertainty analysis
maximum possible p error (δp) was assumed to be ±1.1 kPa.
The mixing ratio for H2 O (mq ) was calculated as:
mq = 0.611

e
,
p−e

(J.1)

where e is the water vapour pressure (kPa). Following the propagation of
uncertainties, the error of mq due to pressure uncertainties is:
δmq = −0.611

e
δp
(p − e)2

(J.2)

The average measured e and p at z/h = 0.38 were 1.12 kPa and 93.21 kPa,
respectively
This resulted in an mq error of ±8.07 × 10−3 g kg−1 . With an average
mq of 7.43 g kg−1 , the error corresponds to δmq = ±1.1 %. More generally,
the relative error of mq can also be written as,
δmq
δp
δp
=−
≈− .
mq
p−e
p

(J.3)

Therefore, the relative error in p translates almost directly into the relative
error in mq .

J.2.2

Carbon dioxide mixing ratio

For the estimation of mc , similar to Section J.2.1 a maximum pressure uncertainty of δp = ±1.1 kPa was assumed. mc is calculated with the following
equation:
mc =

ρc
ρa

(J.4)

where ρa is the dry air density (kg m−3 ). The dry air density can be calculated as follows:
ρa =

p−e
,
Rd Ta

(J.5)

where Rd is the gas constant of dry air (= 287.05 J kg−1 K−1 ) and Ta is the
air temperature in K. Combining Eqs. J.4 and J.5, mc can be calculated as:
mc =

ρc Rd Ta
p−e

(J.6)
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J.3. Summary and conclusions
Following the propagation of uncertainties the CO2 mixing ratio error (δmc )
is:
δmc = −

ρc Rd Ta
δp
(p − e)2

(J.7)

The average ρc during the field campaign was ρc = 6.74 × 10−4 kg m−3 ,
while the average air temperature was Ta = 289 K. This resulted in δmc =
±7.25 × 10−3 g kg−1 , which is an error of δmc = ±1.2% with an average
CO2 mixing ratio of mc = 0.607 g kg−1 . More generally, the relative error
of mc can also be written as,
δmc
δp
δp
=−
≈− .
mc
p−e
p

(J.8)

Therefore, the relative error in p again translates almost directly into the
relative error in mc .

J.3

Summary and conclusions

During the MPB-03 field campaign in the summer of 2010 relatively large
pressure differences between measurements at different heights were measured, which could not be attributed to height differences between sensors.
Even though the pressure differences between the levels were corrected by
adjusting all levels to the measurements at one arbitrarily chosen level, it
was still possible that the pressure was offset at all levels. Maximum p differences between the levels before calibration were on the order of ±1.1 %,
which we assumed to be the maximum pressure error. An uncertainty analysis was conducted in order to assess the uncertainties of mq and mc resulting
from these pressure uncertainties. In both cases, the analysis showed that
the maximum uncertainties due to pressure errors were very small (< ±1.1
% for mq and < ±1.2 % for mc ). Therefore, pressure errors of this magnitude are considered to have a negligible effect on measured mixing ratio
gradients.
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LI-840 IRGA calibration
In the summer of 2010, carbon dioxide (CO2 ) and water vapour (H2 O)
concentrations were measured at seven heights on a measurement tower at
a mountain pine beetle (MPB) affected lodgepole pine stand (MPB-03) in
interior British Columbia (data used in this dissertation). To yield high
accuracy in the measurements of CO2 and H2 O, the open-path infrared
gas analyzer (IRGA) (model LI-840, LI-COR Inc., Lincoln, Nebraska) that
was used to measure mole fractions at the seven levels sequentially, was
calibrated regularly. This Appendix explains the LI-840 calibration.
The system was calibrated every 1 to 3 h by injecting consecutively
nitrogen (N2 ) as a zero gas and a CO2 in dry air span gas into the air
sampling intake at the bottom level at the end of the half-hour. Different
span gases were used over the course of the campaign (until 30 Jul: 404.08
µmol CO2 mol−1 dry air, 31 Jul - 2 Aug: 451.28 µmol CO2 mol−1 dry air,
4 - 8 Aug: 498.48 µmol CO2 mol−1 dry air). Intake of ambient air during
the calibration was avoided by keeping the calibration gas flow rate higher
than 5 l min−1 . The surplus gas was released to the atmosphere. Each
calibration gas was measured for 3 min at the end of the half hour. More
information about the instrumentation and the use of this data can be
found in Chapter 4.
First, CO2 signals from the LI-840 IRGA were adjusted based on the
calibration gas meaurements. Half hours, when both, the span and the
zero gas were used were determined. Although LI-840 measurements are
mole fractions, since both gases contained no water vapour, the mixing
ratio (mc ) was equal to the mole fraction. A two-point calibration was
conducted for each of these half hours. The resulting slopes and offsets
showed a small but clearly visible diurnal cycle with the slope and offset at
a minimum value at about noon (Fig. K.1).
LI-840 panel temperature (Tpanel ) and cell pressure variations can
affect the mixing ratios measured by the LI-840 IRGA. The total drift in
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−0.4
−0.6
−0.8

Figure K.1: Slope (top) and offset (bottom) determined with two point
calibrations for each half hour for CO2 . Time is in PST and tickmarks are
placed at noon.
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Figure K.2: Half-hourly averaged battery voltage (VB ) and short wave irradiance above the canopy (Sin,top ). Time is in PST and tickmarks are placed
at noon.
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Figure K.3: CO2 slope (left) and offset (right) from the two-point calibrations vs. the battery voltage (VB ). The black lines are the fitted curves
described by Eqs. K.1 and K.2, respectively.

mole fraction without re-zeroing or re-spanning is given as < 0.4 ppm/K
panel temperature for CO2 and < 0.009 ppt/K for H2 O (LI-COR, 2003).
Maximum Tpanel changes from one half hour to the next during the study
period was 3.8 K resulting in maximum drifts of 1.52 ppm for CO2 and
0.03 ppt for H2 O. Cell temperature is kept constant at 50 ◦ C in the LI-840
IRGA and therefore does not add to the measurement uncertainties.
Pump strength can influence the cell pressure of the LI-840 IRGA.
The pump used in the calibration system to suck the air into the LI-840
IRGA was powered by batteries, which were charged using solar panels.
The battery voltage (see Fig. K.2) therefore followed the diurnal cycle
of the incoming shortwave irradiance during daytime, while it further
decreased at night when there was no charging but battery usage continued.
Half-hourly average battery voltage (VB ) was recorded. Slopes and offsets
were related to VB measured by the calibration system data logger during
the same half hour (see Fig. K.3) and the resulting relationships were
later used to correct LI-840 mixing ratios. Since the calibration gases
were measured at the end of each half hour, VB of the half-hour concerned and the next half hour were averaged for use in the LI-840 calibration.
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The relationship between the offsets and VB was rather linear albeit with
some scatter, while the relationship between the slopes and VB was better
represented by a logistic function. The equations for the fitted relationships
are:
0.996941

,

(K.1)

offset = −6.53478 + 0.473847VB ,

(K.2)

slope =

1

+ e3.45179 (10.3171−VB )

where the units of slope, offset and VB are µmol mol−1 V−1 , µmol mol−1
and V, respectively. Fig. 4.4 shows the CO2 span measurements before and
after the calibration and the concentrations of the calibration gases. The
offsets of the measured concentrations were removed and the amplitudes
of the diurnal variations was reduced substantially by the calibration.
Before the calibration the standard deviation (STD) of the span gas
measurements was 0.778 µmol mol−1 (= 26.9 µmol m−3 ) and decreased
to 0.434 µmol mol−1 (= 15.0 µmol m−3 ) after the calibration. The root
mean square error (RMSE) from the actual span gas concentrations was
0.493 µmol mol−1 (= 17.1 µmol m−3 ) after the calibration. When applying
the VB -based LI-840 calibration, as indicated above VB was interpolated
between the half hour before, the half hour of measurement and the half
hour after the LI-840 measurement was done based on the time during the
half hour when the level or calibration gas was measured. Since VB was
closely related to Sin , which again was closely related to the air temperature
this calibration also compensated for temperature-related drifts. After the
calibration was applied no clear dependency of offsets and slopes on Tpanel
was found.
The previously mentioned calibration gases were both H2 O free and could
therefore be used as H2 O zero gases; however, no dewpoint generator was
employed in the field. Therefore, only the measurement offset for H2 O could
be determined. For the slope, the same relationship as for CO2 was assumed.
The same half hours as for the CO2 calibration were used for the H2 O
calibration.
The offsets followed a diurnal cycle, which were attributed to the variations in battery voltage and therefore in cell pressure. The relationship
between the offsets and VB is shown in Fig. K.4 and were approximated by
the logistic function:
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Figure K.4: H2 O offset from the intercomparison of LI-840 IRGA H2 O zero
gas measurements with the battery voltage (VB ). The black line is the fitted
curve described by Eq. K.3.
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Figure K.5: LI-840 IRGA mq measurements of the H2 O zero gas before and
after the calibration was applied. The red line is the zero line.
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of f set =

1+

−0.1353

e−3.6390 (12.1519−VB )

,

(K.3)

where the units of offset and battery voltage are mmol mol−1 and V, respectively. Fig. K.5 shows the H2 O zero measurements before and after the
calibration was applied. While there was still a wave-like behaviour visible,
the STD of the LI-840 mq measurements decreased from 0.038 mmol mol−1
(= 1.33 mmol m−3 ) to 0.030 mmol mol−1 (= 1.03 mmol m−3 ). RMSD of
the calibrated mq from the zero line was 0.030 mmol mol−1 (= 1.03 mmol
m−3 ).
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Energy balance of the
thermocouple wire
Following Tanner and Thurtell (1969) the radiation error of a thermocouple
can be calculated by determining the energy balance of the thermocouple
wire:
Sin (1 − αw )dw Lw = ha dw πLw (Tw − Ta ),
(L.1)
where Sin is the solar irradiance (in W m−2 ), αw is the albedo of the wire (50
%, Tanner and Thurtell, 1969), dw is the diameter of the wire (25.4 × 10−6
m), Lw is the length of the wire and ha is the thermal transfer coefficient
(in W m−2 K−1 ). Solving for the temperature difference between the wire
temperature (Tw ) and the air temperature (Ta ), the temperature error due
to radiation (Tw − Ta ) can be calculated as:
Tw − Ta =

Sin (1 − αw )
ha π

(L.2)

Using the relationship between ha and Nusselt number (Nu), ha can be
calculated as:
ka Nu
,
(L.3)
ha =
D
where ka is the thermal conductivity of the air (0.0257 W m−1 K−1 at 20
◦ C, Monteith and Unsworth, 2008). For the data studied in this dissertation,
forced convection can be assumed, in which case Nu can be calculated as (for
Reynolds numbers between 10−1 to 103 , Monteith and Unsworth, 2008):
Nu = 0.32 + 0.51Re1/2 ,

(L.4)

where Re is the Reynolds number, which is defined as (Campbell and Norman,
1998):
du
Re =
,
(L.5)
ν
where u is the wind speed (in m s−1 ) and ν is the viscosity of air (15.4 mm2
s−1 at 20 ◦ C, Campbell and Norman, 1998).
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The effect of directional wind
shear on calculations of
Reynolds stress
In a general form the Reynolds stress (τ ) is a tensor. In the specific case of
surface layer horizontally homogeneous conditions it is (Stull, 1988):
 ′ ′

u u u′ v ′ u′ w′
τ =  v ′ u′ v ′ v ′ v ′ w ′ 
(M.1)
′
′
′
′
′
′
wu wv ww

On the horizontal plane, it is affected by u′ w′ and v ′ w′ (see Fig. M.1).
In most studies and books, the v ′ w′ and u′ v ′ components of the shear stress
are neglected (e.g., Amiro, 1990a; Finnigan, 2000; Monteith and Unsworth,
2008) and τ is calculated as:
τ = −ρu′ w′ .

(M.2)

This however, is only true if the wind direction does not change with
height. The wind direction (WD) profile was determined using measurements at all seven levels on the flux tower. Fig. M.2 shows the ensembleaveraged difference between WD at each level and WD at z/h = 1.34
(WDtop ). Half hours were only included if WD was available at all levels. The profile shows that on average WD rotated counterclockwise (WDWDtop < 0) from above the canopy down into the canopy. The rotation
compared to WDtop was on average smaller than 6 ◦ at all levels. The range
between which WD-WDtop varied, increased steadily with depth into the
canopy. While at canopy top (z/h = 1.05) in 80 % of the cases the wind
rotated by less than 6.31 ◦ , close to the ground in more than 50 % of the
cases the rotation was either > 19.9 ◦ counterclockwise or > 10.6 ◦ clockwise
compared to WDtop and in 20 % of the cases the rotation was even > 38 ◦
(clockwise or counterclockwise) . This means that even though on average
WD rotation in the canopy compared to WDtop was relatively small, there
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Figure M.1: Schematic showing how the two vertical shear components act
on a horizontal plain.

were many half hours when WD rotation was substantial. Such WD rotations have also been found in several other studies (e.g., Pinker and Holland,
1988; Pyles et al., 2004; Su et al., 2008). Smith et al. (1972) and Su et al.
(2008) found that rotation depends on canopy structure and meteorological conditions. WD rotation increases with vegetation area density and
increasing wind speed. Su et al. (2008) found that the rotation is smallest under neutral conditions and increases with increasing magnitude of the
stability factor, i.e. when conditions become either more stable or more
unstable. They found that in an aspen dominated leafless canopy with a
vegetation area density of approximately 2 m2 m−2 the average rotation of
WD compared to WD above the canopy varied between 20 and 40 ◦ counterclockwise. Pyles et al. (2004) found a counterclockwise rotation of up to
100 ◦ in a Douglas-fir and hemlock dominated 67-m tall canopy with a leaf
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area index of 11.4 m2 m−2 .
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Figure M.2: Rotation of wind direction (WD) expressed as the difference
between WD at each level and WD at z/h = 1.34 (WDtop ).

We therefore hypothesize that the sometimes large WD rotations in this
canopy indicated a shear stress that was not only affected by the gradient
in mean horizontal wind speed (resulting in u′ w′ 6= 0) but also by the wind
rotation (resulting in v ′ w′ 6= 0), especially below z/h = 0.38.
According to Stull (1988), the magnitude of the kinematic shear stress
(τ /ρ) in a column with rotating WD with height can be calculated as:
q
2
2
(M.3)
|τ /ρ| = u′ w′ + v ′ w′

In order to determine the contributions of v ′ w′ to τ , |u′ w′ | was plotted
against the results of Eq. M.3 (Figs. M.3 and M.4). The measurements
were close to the 1 : 1 line implying that v ′ w′ had a small absolute
contribution to the overall shear stress. When looking at the relative root
mean square deviation (RMSD) of u′ w′ from the results of Eq. M.3 (Table
M.1) and Fig. M.3, the relative contribution of v ′ w′ increased with depth
into the canopy resulting in almost 32 % RMSD close to the ground. Since,
however, there is no simple method to calculate the directional shear stress
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(in contrast to the magnitude of the shear stress) and absolute contributions
of v ′ w′ were small, it was determined sufficient to use Eq. M.2 to calculate τ .
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0.06
|u’w’|

z/h = 0.14

0.06

0.04
0.02

0.02
0.02 0.04 0.06

z/h = 0.59

0.25

0.5

0.15

0.3

0.06

0.10

0.05 0.15 0.25

z/h = 1.05

0.1 0.3 0.5
√(u’w’ 2+ v’w’ 2)

z/h = 1.34

1.0

1.0

0.6

0.6

0.6

0.2

0.2

0.2

0.2
0.6
1.0
√(u’w’ 2+ v’w’ 2)

0.1

0.05
0.02

z/h = 0.82
1.0
|u’w’|

z/h = 0.38

0.10

0.2 0.6 1.0
√(u’w’ 2+ v’w’ 2)

0.2 0.6 1.0
√(u’w’ 2+ v’w’ 2)

Figure M.3: Magnitude of the kinematicqshear stress without v ′ w′ (|u′ w′ |)
2
2
plotted against the same including v ′ w′ ( u′ w′ + v ′ w′ ) at the seven levels.
Each dot represents a 30-min averaged measurement. The black line is the
1:1 line.

Table M.1: Absolute and relative root mean square deviation (RMSD) of
u′ w′ from results of Eq. M.3.
z/h
0.06
0.14
0.38
0.59
0.82
1.05
1.34

RMSD (m2 s−2 )
0.0035
0.0055
0.0076
0.0089
0.0109
0.0125
0.0157

RMSD (%)
31.9
31.1
13.5
6.2
5.2
5.7
6.6

254

Appendix M. The effect of directional wind shear on calculations of Reynolds stress

z/h = 0.06

z/h = 0.14

z/h = 0.38

z/h = 0.59

|u’w’|

1.2
0.8
0.4
0.0

0.0
z/h = 0.82

z/h = 1.05

0.4 0.8 1.2
√(u’w’ 2+ v’w’ 2)

z/h = 1.34

1.2

|u’w’|

0.8
0.4
0.0
0.0

0.4

0.8

1.2

√(u’w’ 2+ v’w’ 2)

0.0

0.4

0.8

√(u’w’ 2+ v’w’ 2)

1.2

0.0

0.4

0.8

1.2

√(u’w’ 2+ v’w’ 2)

Figure M.4: Same as Fig. M.3 but using the same scale for all levels.
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Eddy diffusivity profiles
using different scaling
combinations
There are two types of scaling (global and local) and two definitions of
scaling height (z or ze ) that can be used in the prediction of φ, giving four
different scaling combinations, which are explained in Chapter 4: I: zs = z
and global scaling, II: zs = z and local scaling, III: zs = ze and global scaling
and IV: z = ze and local scaling. Profiles of measured eddy diffusivities of
momentum (KM ), sensible heat (KH ), latent heat (KE ) and CO2 (KC ) and
their predicted values are shown in this appendix and in Chapter 4. Fig.
N.1 to N.12 show KM , KH , KE and KC for combination I to III. Profiles
for combination IV are shown in Chapter 4 (Fig. 4.22 to 4.25). There is
little difference between using local or global scaling. However, there is a
clear benefit of using the effective height ze compared to using the height
above the ground z as zs .
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ζ top < −0.1 (10)

−0.1 < ζ top < 0.1 (14)

ζ top > 0.1 (23)
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Figure N.1: Measured (red) and predicted (grey) eddy diffusivities for wind
shear (KM ) using global scaling and zs = z (combination I). The numbers
in brackets are the number of half hours included in the analysis.
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Figure N.2: Same as Fig. N.1 using local scaling and zs = z (combination
II).
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ζ top < −0.1 (9)

−0.1 < ζ top < 0.1 (23)

ζ top > 0.1 (16)
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Figure N.3: Same as Fig. N.1 using global scaling and zs = ze (combination
III).
ζ top < −0.1 (13)
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Figure N.4: Measured (red) and predicted (grey) eddy diffusivities for sensible heat (KH ) using global scaling and zs = z (combination I). The numbers
in brackets are the number of half hours included in the analysis.
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ζ top < −0.1 (13)

−0.1 < ζ top < 0.1 (17)

ζ top > 0.1 (11)
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Figure N.5: Same as Fig. N.4 using local scaling and zs = z (combination
II).
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Figure N.6: Same as Fig. N.4 using global scaling and zs = ze (combination
III).
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ζ top < −0.1 (24)

−0.1 < ζ top < 0.1 (48)

ζ top > 0.1 (73)
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Figure N.7: Measured (red) and predicted (grey) eddy diffusivities for latent
heat (KE ) using global scaling and zs = z (combination I). The numbers in
brackets are the number of half hours included in the analysis.
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Figure N.8: Same as Fig. N.7 using local scaling and zs = z (combination
II).
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ζ top < −0.1 (19)

−0.1 < ζ top < 0.1 (77)

ζ top > 0.1 (55)
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Figure N.9: Same as Fig. N.7 using global scaling and zs = ze (combination
III).
ζ top < −0.1 (280)
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Figure N.10: Measured (red) and predicted (grey) eddy diffusivities for CO2
(KC ) using global scaling and zs = z (combination I). The numbers in
brackets are the number of half hours included in the analysis.
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ζ top < −0.1 (260)

−0.1 < ζ top < 0.1 (86)

ζ top > 0.1 (23)
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Figure N.11: Same as Fig. N.10 using local scaling and zs = z (combination
II).
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Figure N.12: Same as Fig. N.10 using global scaling and zs = ze (combination III).
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