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1. INTRODUCTION

Increasing atmospheric stability is known to suppress
turbulent mixing and often leads to a decoupling of
above and in-canopy flows. Understanding of the
dynamics that lead to a decoupling and knowledge of
the characteristics of in-canopy flows is of particular
importance when interpreting nocturnal exchanges of
CO2 and trace fluxes.

L.F. Richardson (1920) was the first to state that
turbulence in the atmosphere should die away if the
static stability exceeds the square of the mean shear.
G.l. Taylor (1931) then was able to demonstrate that
for certain idealized flows this would happen when
local Richardson numbers exceed .. Later Miles
(1961, 1986) and Howard (1961) generalized Taylor’s
results to a large class of inviscid stably stratified
fluids in steady shear flows.

Raupach et al. (1996) argued that the active
turbulence near the top of a forest canopy is
patterned on a plane mixing layer, which forms
around the inflected mean velocity profile. The strong
shear at canopy top allows for hydrodynamic
instabilities to form. In the canopy, however, the
different transport mechanisms of heat and
momentum at leaf level, lead to wind speed profiles
that approach the leaf surface value of zero much
faster than air temperature approaches the leaf
surface temperature (Belcher et al. 2008). When the
atmosphere above the canopy is stably stratified, this
difference in wind and temperature gradients results
in supercritical Richardson numbers below the canopy
top and a collapse of in-canopy turbulence.

We discuss observed flow characteristics; show how
they change in the transition from the convective to
the stable boundary layer and how they can be
explained by existing theory. We further discuss
implications for ecosystem scale measurements.

2. SITE AND OBSERVATIONS

Tumbarumba flux station is located in the
southeastern highlands of New South Wales,
Australia (Leuning et al., 2005). The site is in
relatively complex terrain (Fig. 1), leading to a
variation of —6° to +2° in the angle between the mean
wind vector and the azimuthal-average vertical
direction (Finnigan et al., 2003). Dominant species in
the 40 m tall, open wet sclerophyll forest are
Eucalyptus delegatensis R.T.Baker and Eucalyptus
dalrympleana Maiden. The leaf area index (Lai) of the
trees is 1.4 m? m™2, while the understorey is sparsely
covered with shrubs and grass which have a Lai of
1.5 m? m™ (Keith, personal communication). The site
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Figure 1. 2x2 km? topographic map of the Tumbarumba
field site showing the location of the main tower (big circle)
and the smaller in-canopy tower (small circle). The contour
interval is 5 m.

is relatively homogeneous in terms of species
composition, density and tree height within a radius of
more than 5 km.

At the 70m high main tower we continuously measure
profiles of temperature and wind components in 9
heights [0.5, 4.5, 10.5, 18.5, 26.5, 34.5, 42.5, 54.5,
70 m]. The measurements are carried out with Type T
thermocouples and 2D Windsonics and 1Hz data is
stored. At the tower top an ultra sonic anemometer
thermometer (Type HS, Gill Instruments Ltd.,
Lymington, UK) measures all wind components and
virtual temperature at 20 Hz. For a special intensive
measurement campaign in November 2006 a second
11m high tower was situated on a nearby slope and
in-canopy turbulence was measured simultaneously
with 3D Sonics at 7 heights [0.8, 1.4, 2.2, 2.9, 4.4, 5.8,
10.8 m] (Sonics were Type HS, Gill Instruments Ltd.,
Lymington, UK and CSAT3, Campbell Scientific,
Logan, USA, alternating with a CSAT3 in 10.8 m). All
raw 20Hz data was stored.
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3. METHODS

To calculate the Fourier spectra we applied linear
detrending and a Hamming window to the time series.
For graphical purposes Fourier transformed time
series were averaged into 120 logarithmic bands.
Maxima however were calculated on the basis of raw
spectra.

Richardson numbers (Ri) were calculated as bulk
Richardson numbers, approximating local gradients
by using finite differences across layers. To test the
sensitivity of using linear interpolation or cubic splines
to calculate Ri we used data from 7.11 — 12.11.2006.
Calculated Ri at canopy top differed by 13% on
average. To assess the instrumental uncertainty we
used data from the same time period where both 2D
and 3D Sonics were measuring at the main tower. We
used either profiles to calculate Ri and could attribute
another 10% uncertainty to the instruments.

To calculate phase averages of temperature and
associated vertical wind velocity fluctuation (Fig. 8)
we applied linear detrending on 1 h runs and low pass
filtered the temperature time series (small tower, 11
m) with moving averages of 45s (Finnigan et al.
1984). We searched for zero crossings and discarded
occurrences where dT/dt > 0. We then averaged the
original unsmoothed time series of all variables of
interest around the detected, valid zero crossing
points over a window size of £ 60 s.

4. RESULTS

During daytime, turbulence leads to strong
temperature variations in the canopy (Figures 2 and
3). The magnitude of these fluctuations generally
decreases in the late afternoon. We might expect that
turbulence levels would stay low throughout the night
as in this relatively open canopy stable nighttime
stratification leads to a suppression of the total
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Figure 2. 1Hz time series of temperature measured at
10.8 m height at the small tower. At 26.11 and 27.11. the
measurement system was powered down.
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Figure 3: Fourier spectra of in (green/light grey) and above
canopy (blue/dark grey) temperatures. The solid line stands
for -2/3 slope the dotted lines are fitted to the respective
spectra.

turbulent kinetic energy. Observations however show
that on all but one night there are either periods when
large amplitude temperature fluctuations are observed
(e.g. 23.11), or where such fluctuations are observed
throughout the night (21., 22., 25. and 28.11.).

As an example we will investigate the transition from
the convective to the stable boundary layer on the
25.11.2006 and also analyze the night of the
28.11.2006. During this night a transition occurs from
moderate above-canopy stability to neutral conditions.
Figure 3 and Table 1 summarize some of the flow
characteristics of the 25.11.2006. Above-canopy flow
is slightly unstable in the afternoon and strong
dynamic turbulence leads to increasingly neutral
conditions towards the evening. High friction velocities
(u*) are observed throughout this time period. The
15:00-16:00 temperature spectra have inertial
subrange slopes close to -2/3. In the 17:00-18:00
spectra the total variance is quite small and white
noise is observed at the high frequency end of the in
canopy spectrum. The main energy in this spectrum is
from periods > 1 minute. This is exaggerated in the
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Figure 4. time series of a) net radiation b) the fricition
velocity u* and c) the dimensionless Monin-Obhukov length
(z-d)/L. All measurements were taken at the main tower in
70 m height.

18:00-19:00 run, where 14% of the total energy is
located in the periods between 3.08 and 3.75 min.
(with the maximum variance at 3.43 min). Due to
large in canopy temperature gradients the total
amount of variance is much higher in than above the
canopy. In the canopy spectral slopes with a faster
roll of that -2/3 are observed. Turbulent fluctuations
here do work against drag and lose kinetic energy to
heat and wake kinetic energy therewith shortcutting
the spectral cascade (Finnigan, 2000).

Table 1: shows the total temperature variance and the
slopes measured in the inertial subrange of the above and
sub canopy temperature spectra. The ratio of the maximum
variance measured in a single frequency band to the total
variance can be interpreted as a measure for

monochromaticity.
. above sub
time

canopy canopy
variance(0) 15:00-16:00 0.12 0.15
(Ocz) 17:00-18:00 0.02 0.05
18:00-19:00 0.01 0.42
slope 15:00-16:00 -0.66 -0.68
17:00-18:00 -0.38 -0.75
() 18:00-19:00 -0.66 -0.79
2 15:00-16:00 0.03 0.02
Smaxelo“6) - 47.00.18:00 0.01 0.05
() 18:00-19:00 0.03 0.14

Above canopy turbulence statistics do not indicate the
very different flow characteristics that prevail above
and in the canopy. This is also confirmed for the
28.11.-29.11.2006.

No clear sky conditions were observed on the 28.11.
(Fig. 4). Dynamic turbulence was fairly strong
throughout the night and increased after midnight,
shifting the flow from weakly stable to neutral
conditions. Figure 5 gives a more detailed picture of
the stability classes through the whole canopy.
Above-canopy Richardson numbers (Ri) confirm that
the flow was weakly stable but subcritical during most
of the night, except during a short period when weakly
stable but supercritical Ri’'s were observed. In the
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Figure 5. time series of Richardson gradient numbers
through the canopy as measured on 28./29.11.2006. The
height (y-axis) is normalized with canopy height (h). The
Richardson numbers (Ri) have been classified into unstable
(Ri<0), weakly stable subcritical (0<Ri<0.25), weakly stable
supercritical (1>Ri>0.25) and strongly stable (Ri>1). The
hatched area indicates the estimated height of the critical
level.

canopy the situation differs quite dramatically but in
agreement with arguments by Belcher et al. (2008)
who attribute high Ri to different transport processes
of heat (molecular transport) and momentum
(pressure transport) at leaf scale. This leads to a
faster decrease of wind speed than of temperature
into the canopy and hence to stable flow conditions.
The observations show that conditions at canopy top
are indeed supercritical with few exceptions in the
early morning when strong shear leads to enhanced
mixing. Deeper in the canopy very stable conditions
were observed throughout the night.

At canopy height wind shear is often sufficiently strong
to cause Ri to drop below its critical value. This
situation allows Kelvin—Helmholtz waves to form
(Raupach et al. 1996). These waves in turn can
propagate in the adjacent air above and below. A
critical level, where 0<Ri<Va, exists for gravity waves
that are excited by wind shear (Howard, 1961) and at
this height the horizontal phase speed of the wave
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Figure 6. top panel: time series of temperature fluctuations
on 29.11.2006 02:00-03.00 for 3 selected heights. The
bottom panel shows contours of the temperatures from all
seven measurement heights ranging from -2.68 °C (light
blue or grey) to 3.94 °C (dark red or grey). The mean has
been subtracted from each time series.
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Figure 7. Average profiles of *; (left panel) and &%, (right
panel) in the sub-canopy for the time period 28.11.2006
20:00 - 29.11.2006 05:00.

matches the flow speed. We can further expect
alignment between the mean wind and the direction of
wave propagation (Lee and Barr, 1998). To test for
such a critical level we used the temperature time
series from 10 m at both towers and calculated the
measured lags in peak correlation between them. We

1.0[

ridge

wind direction

90

0 :
-7 0 m

Figure 8. normalized conditional averages of temperature T,
vertical velocity (w) and wind direction. Red thick lines in the
first two panels are smoothed with 30 s running means. Total
window with is 120 s. Same time period as Figure 7.

then used wind velocity and direction measured at the
large tower to calculate the expected lag for each
level. The critical level is located where the calculated
and expected lags agree with each other. This layer is
indicated by the hatched area in Figure 5. Confirming
theoretical expectation with experimental evidence all
calculated height intervals with the critical level include
or are adjacent to the canopy top, where due to the
inflection in the wind profile shear is largest.

Figure 6 confirms that the time series have little low
frequency content. Large parts of the air column
undergo vertical oscillations simultaneously resulting
in highly coherent temperature fluctuations that are
dampened only in the very proximity of the ground.
The period of temperature oscillations (p) through the
canopy is p=122+9s. The small standard error
confirms the coherency of the oscillations. Carruthers
and Hunt (1986) have have applied rapid distortion
theory to calculate the structure of turbulence in an
unsheared, stably stratified layer below adjoining a
sheared turbulent region. This matches approximately
the situation in the canopy at night. The theory
showed that eddies with frequencies of the same
order as the buoyancy frequency N of the stratified
layer were least affected by the stratification and
waves with higher frequencies decayed rapidly with
distance from the interface. The measured buoyancy
period (defined as Pgy=2n/N) increased from
93 £+ 23 s (02:00-02:30) to 102 + 23 s (02:30-03:00) in
the stably stratified layer reflecting the decreasing
stability. To the authors knowledge theory has not
been extended to situations where N(z) # const but
the observations indicate that the sub-canopy
periodicity is equal to Pgy within the standard errors.
The amplitudes of temperature oscillations have a
maximum at 5m height as shown by the vertical
profile of temperature variances (Fig. 7). This results
from the non-constant temperature gradient in the
canopy and decreasing displacement distance of air
parcels due the presence of the ground as indicated
by decreasing o2 with decreasing height.

Linear gravity waves generally have a phase shift of
+90° between the vertical wind component and
scalars. But wave-turbulence interaction can lead to
different phase shifts and hence to scalar fluxes
(Fitzjarrald and Moore, 1990, Lee et al., 1997, Cava et
al., 2004) and net energy exchange (Finningan, 1988,
Finnigan et al., 1984, Einaudi and Finnigan, 1993).
Figure 8 shows the normalized conditional averages
of temperature T, vertical velocity w and wind direction
for the time period 28.11.2006 20:00 - 29.11.2006
05:00. On average temperature and vertical wind have
a phase shift close to 90°. Air parcels that are
displaced upwards are increasingly cooler and
warming is associated with downward movement.
There is an accompanying oscillation in wind direction.
Air coming from a nearby ridge (Fig. 2) is warmer on
average, whereas colder air masses come from a
nearby gully.

Spectra confirm that for periods that are less stable,
within-canopy temperature fluctuations are larger than
those observed above the canopy (Fig. 9). This is not
the case for vertical velocity fluctuations, as
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Figure 9. spectra of temperature

0 (left panel), vertical wind w (middle panel) and cospectrum wé (right panel). In canopy

spectra (11 m) are depicted for the time periods from 23:00-01:00 and 03:00-05:00 (dark green and light green or grey
respectively) above canopy spectra (70 m) are shown for the time period 03:00-05:00 only (blue/ medium grey).

momentum is absorbed as aerodynamic drag on the
foliage leading overall to less vertical kinetic energy
with decreasing height into the canopy. The within-
canopy cospectra w'T' are smaller than their above
canopy counterpart. Again this is particularly
pronounced at the higher frequencies. Lower
frequency covariance between the two variables
shows that the phase shift is not exactly 90° and that
the waves are not linear waves. The wave induced
flux_(w')(T") contributes 17% to the total heat flux
w'T'.

In both spectra and cospectra we observe an
increase in low frequency energy between the first
(23:00-01:00) and the second (03:00-05:00) time
interval. As shown in Figure 4 above canopy flow
shifts from slightly stable to neutral during this time.
The existence of a neutrally stratified layer above the
strongly stratified canopy insures a layer centred
around a critical level with 0<Ri<% and wave growth.
Chimonas (1972) has shown also that if turbulence is
present, momentum and energy from the background
can flow into the wave, causing the wave amplitude to
increase (Chimonas (1972)). This is accompanied by
a broadening of the spectrum as a wider range of
wavelengths is supported by stability conditions.

5. DISCUSSION AND IMPLICATIONS FOR
ECOSYSTEM SCALE FLUX MEASUREMENTS

During some time periods we have observed
supercritical Richardson numbers at all levels and still
found that while turbulence was suppressed,
oscillations with periods of about 2 min could be
observed. A simple explanation for this is the spatial
resolution of the measurements. It is possible that
sub-critical Ri was reached but not measured. It is
also possible that the presence of the canopy further
destabilises the flow. There are studies showing that
the presence of the ground has a destabilizing effect
on Kelvin-Helmholtz waves in the atmosphere (Lalas
et al. 1976). But linear theory has not been extended
to investigate the role of drag or non constant N(z) on
stability.

The occurrence of waves in the canopy challenges
nighttime measurements of ecosystem scale flux
measurements of e.g. CO2. The source sink term of a
scalar <S> can be estimated by

(S) =z, + j‘aa_d R
1 < 7

I

_j‘“‘{;aiJr ve, ai + ;%}dzdydx
Oy oz

I

where x, y, z define the Cartesian coordinates y; is the
mixing ratio of the molar density of the scalar (c;) to
dry air (cq) (Leuning, 2004). The first term on the RHS
of eq 1 is the eddy flux of the scalar. We have shown
that the wave induced heat flux in the canopy
contributes 17% to the total flux. To minimize the error
introduced by not capturing complete wave cycles
long averaging times are required.

The second term on the RHS of eq 1 is the change in
storage term. It is ideally calculated as the difference
of the spatially averaged instantaneous profile at the
beginning and end of the averaging period of <S>
(Finnigan, 2006). In practise we commonly measure
one profile only and average over say 5 min around
the end of the hour to reduce random error. If (by
adjusting the flow rates) the profile is measured
simultaneously at all heights, knowledge of oscillation
periods could help to minimize random errors by
choosing suitable averaging times. If different levels of
the profiles are measured subsequently, scalar
fluctuations will result in ‘kinky’ profiles and bigger
random errors.

Measuring horizontal gradients probably poses the
biggest challenge. An ideal measuring cycle will
depend on wave direction and propagation speed and
therefore be quite variable. Measured gradients will be
due to different air masses as well as phase
differences.

Vertical advection is usually derived from average
concentrations measured at reference height (typically
twice the canopy height) and averages of the
concentrations of the total air column below reference
height. As for the turbulent flux, averaging intervals
need to be long to minimize errors introduced by not
ending on a complete wave cycle.

We have shown that when the flow shifts from slightly
stable to neutral above the canopy, a critical level and
strong wave growth occurs. This may be augmented
because the presence of turbulence can aid the flow
of momentum and energy from the background into
the wave. This is important as it is common practise to



filter ecosystem data using above-canopy u* as a
substitute for turbulent mixing. When turbulent mixing
is strong it is assumed that term III of eq 1 is small
compared to the sum of terms I and II and that this
data can be used for constraining models. Data with
high u* values and close to neutral above canopy
conditions however would have the largest random
errors if in canopy stability is maintained.

6. CONCLUSIONS

In the canopy the stratification can be very stable with
supercritical Richardson numbers (Ri) while above
canopy flow is neutral to slightly stable. High in
canopy stability can be explained by different
transport processes of heat and momentum at leaf
level scale. They lead to a faster decrease of wind
speed than of temperature into the canopy (Belcher et
al. 2008). A collapse of in-canopy turbulence follows
as all oscillations with frequencies higher than the
Brunt Vaisala N in the stable layer decay rapidly with
distance from the interface where the instability is
initiated. We have shown that this critical level is
located close to canopy top, the height where shear is
largest.

Clearly the effect of canopy waves should be taken
into account when designing experiments and
analysing data to determine ecosystem fluxes at
canopy scale.
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