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Abstract. Observations of the scale-dependent turbulentfact it is aligned with the local temperature gradient in both

fluxes, variances, and the bulk transfer parameterizatiorihe sub-canopy and above-canopy layers. While sub-canopy

for sensible heat above, within, and beneath a tall closedstanton numbers agreed well with values typically reported

Douglas-fir canopy in very weak winds are examined.in the literature, our estimates for the above-canopy Stanton

The daytime sub-canopy vertical velocity spectra exhibitnumber were much larger, which likely leads to underesti-

a double-peak structure with peaks at timescales of 0.8 snated modeled sensible heat fluxes above dark warm closed

and 51.2s. A double-peak structure is also observed in theanopies.

daytime sub-canopy heat flux co-spectra. The daytime mo-

mentum flux co-spectra in the upper bole space and in the

sub-canopy are characterized by a relatively large cross-

wind component, likely due to the extremely light and vari- 1 Introduction

able winds, such that the definition of a mean wind di-

rection, and subsequent partitioning of the momentum fluxObservational studies are important for improving our ba-

into along- and cross-wind components, has little physicalsic understanding of the turbulence mixing and turbulence

meaning. Positive values of both momentum flux compo-transport for different forest canopy architectures in vary-

nents in the sub-canopy contribute to upward transfer of moing conditions (e.g.Baldocchi and Meyers1988 Meyers

mentum, consistent with the observed sub-canopy secondamnd Baldocchi1991;, Raupach1994 Raupach et al.1996

wind speed maximum. For the smallest resolved scales in th&ickers and Thomas2013 and references therein). Such

canopy at nighttime, we find increasing vertical velocity vari- studies are also important for more practical problems in-

ance with decreasing timescale, consistent with very smaltluding mixing of scalars in the sub-canopy, decoupling of

eddies possibly generated by wake shedding from the canopthe sub-canopy (e.gStaebler and Fitzjarral@005 Vickers

elements that transport momentum, but not heat. Unusuallgt al, 2012 Thomas et aJ 2013 Vickers and Thoma013,

large values of the velocity aspect ratio within the canopyair-surface exchange processes (e3pulden et al. 1996

were observed, consistent with enhanced suppression of thithomas et a).2013, and parameterizations of the turbulent

horizontal wind components compared to the vertical by thefluxes in terms of model-resolved bulk quantities, such as

very dense canopy. flux—gradient methods and Monin—Obukhov similarity the-
The flux—gradient approach for sensible heat flux is foundory.

to be valid for the sub-canopy and above-canopy layers when The observations in this study are of special interest be-

considered separately in spite of the very small fluxes on theause they are characterized by a very dense canopy and very

order of a few Wm? in the sub-canopy. However, single- weak winds. The sub-canopy has a reversed heat flux regime,

source approaches that ignore the canopy fail because thayhere the heat flux is upward at night and downward during

make the heat flux appear to be counter-gradient when inhe day. The daytime momentum flux is typically upwards in
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Table 1. Daytime averages of the wind speetd,(m s_l), ver- Table 2. Same as Table 1 but for nighttime averages.
tical velocity variance € w'w’ >, m?s~2), kinematic heat flux
(< w6’ >, Kms™1), along-wind momentum flux component ( z (m) U <vww> <wT> <wis> <wi>
/v 2 —2 i
w'u />; m-s 2),j;md the cross-wind momentum flux component 38 0.94 0.085 —0.0049 0,046 —0.0067
(<w'v' >, m*s™4) at 38mag.l. (above-canopy), 16 m (lower 16 0.14 0.020 0.0074 —0.00034 0.0021
crown space), and 4 m (sub-canopy). 4 029 0.0054 0.0015  0.00023-0.00029
z (m) U <wws> <wd> <wiu> <wi>
20 T T T T
38 23 0.59 020 —0.36  0.0030 ' ' '
16 0.19 0.13 0.0076 —0.0064 0.0081 1
4 056 0.014 —0.0024 0.0043 0.0077 15 7]

rcent

the sub-canopy associated with a decrease in the mean wind
speed with increasing height between the sub-canopy layer
and the within-canopy layer. Analysis of such weak turbu- . . | .
lence sub-canopy conditions coupled with the reversed heat 0o 0.5 1 1.5 2
flux regime is often avoided in the literature. 4-m mean wind speed (ms’')

In this study we analyze observations of the scale-
dependent turbulent fluxes and variances above, within, and
beneath a tall closed Douglas-fir canopy. In addition, we
evaluate the standard flux—gradient approach for sensible
heat to address the question of whether or not standard flux—
gradient methods are appropriate for the sub-canopy layers
where the mean wind speed is very weak and decreases witf
height, and the primary source of heating and cooling is lo-~
cated at the top of the layer. Such evaluations are relevant to
the ecosystem modeling community as their models typically
use some form of the flux—gradient relationship and may or o s o1 o oo
may not resolve the different layers separately.

standard deviation of 4-m vertical velocity (ms™)

Figure 1. The frequency distribution of the sub-canopy mean wind
2 Materials and methods speed (top) and the standard deviation of vertical velocity (bottom).

2.1 Site description

2.2 Instrumentation
The data analyzed here were collected in a 33-year-old
Douglas-fir forest located in the coast range of westernEddy-covariance measurements of the fast response wind
Oregon, USA (AmeriFlux site US-Fir, 44.648 latitude, = components and temperature were collected using three-
123.552 W longitude, 310 m elevation) during the period dimensional sonic anemometers (model CSAT3, Campbell
5 May through 24 October 2007Tliomas et a). 2008 Scientific Inc., Logan, UT, USA) during the summer dry pe-
Thomas, 2011). The vertical structure of the vegetationriod from 5 May through 24 October 2007. The analysis uses
canopy consists of a sparse understory composed mainl20 Hz time series data collected at three levels: 12 m above
of Salal Gaultheria shalloy with a maximum plant height the canopy at 38magl. (z/h=1.5), at 16 mag.l. at the
of 0.8 m above ground level (a.g.l.) and the main Douglas-transition from the clear bole space of the sub-canopy to the
fir (Pseudotsuga menzigsdrown space extending from 15 main crown space, and in the open sub-canopy at 4rh a
to 26 mag.l. The site is surrounded by moderately sloped Slow response air temperature was measured using aspirated
terrain with a relatively flat saddle located approximately and shielded sensors (PRT 1000) at 4, 16, and 38h,a
600 m to the northeast of the tower. The canopy is very densand soil temperature was measured with a thermistor 0.02m
with a plant area index (PAI) of 9.49m~2 optically mea-  beneath the surface.
sured in 2004 (Model LAI2000, Licor, Lincoln, NE, USA). The surface brightness temperature of the top of the
The winds and turbulence are very weak (Tables 1 and Zanopy layer was calculated from the downward-facing long-
and Fig. 1). The persistent weak wind above the canopy isvave pyrgeometer (CNR1, Kipp and Zonen) at 37.gla
thought to be due to topographic sheltering by the coast rangasing an emissivity of the foliage of 0.99. This value
with westerly winds. of the emissivity was found to minimize the number of

Atmos. Chem. Phys., 14, 96639676 2014 www.atmos-chem-phys.net/14/9665/2014/
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counter-gradient heat fluxes for the flux measured at 38 m The isotropy of the turbulence is examined using the ve-
and the temperature gradient between the top of the canoplpcity aspect ratioYickers and Maht2006 computed as
and 38 m. This approach is justified by our high confidence

that the 38 m heat flux should be aligned with the mean tem- Y2y,
perature gradient above the canopy gt = 1.5. VAR = (024 02)/2 @
u v
2.3 Analysis 12
whereo denotes the standard deviation (eog,,= w'w’™" ).

Fluxes and variances are computed using block-averagingn the case where, = o, = o,,, VAR (velocity aspect ratio)
where variables are decomposed into a mean part and a tuis unity and the turbulence is isotropic. Small values of VAR

bulent part as indicate mostly two-dimensional motions that are likely non-
— turbulent.
p=9¢+9, 1) A normalized turbulence intensity is evaluatecbad/ 1,

. . whereo, is the standard deviation of the vertical velocity and
where the overbar denotes a suitable time average (the PeF is the mean wind speed. Large values of the normalized

turbat|ton t|mtescale) ?nd¢ LrJep:_rkesents t.he 20Hz Wlnd(;:ot;n- dturbulence intensity could indicate that sources of turbulence
ponents or temperature. Uniike running means and banGgiper than jocal shear generation are important.
pass filters, block averaging satisfies Reynolds averaging.

The time-averaged fluxes and variances are then computegl4 Bulk fluxes
as the average of the instantaneous products of perturba-

tlonsl ovehr some crlmsebn lﬂux—:veragl_ng tlmt/as/GaIEorhex— The bulk aerodynamic relationship for estimating surface
ample, the vertical turbulent flux af is <w'¢’ >, where  q,yoq is applied in almost all numerical models (e.g., the

the angle brackets indicate averaging over the qux-averaging:Ommunity Land ModelDleson et al.2010) either directly

tlmescale._ ) _ or indirectly in combination with other approaches. The bulk
Increasing the perturbation timescale allows larger Scaleformulation for the heat flux is typically written as
motions to be included in the calculated flux, while a de-

crease excludes larger scale motions. Increasing the flux-
averaging timescale reduces the random sampling error, bu
may in turn introduce additional non-stationarityickers
et al, 2009. Our primary calculations use=10min and ' - -
» = 30min; however, the sensitivity of our results for the IS the specific heat at constant pressurey’d’ > is the
Stanton number to the choicesoandy. is explored below, ~ Kinematic heat fluxCy is the Stanton number at height

Due to the small observed tilt angles and the general uncer@"d 1S the exchange coefficient for sensible héais the
tainty in the justification for applying a tilt correction (or co- Mean wind speed at height 6, is the aerodynamic poten-
ordinate rotation), especially for very weak wind sub-canopyi@! temperature, and is the potential temperature of the
data, we did not make any corrections to the fast respons@r @t heightz. The Community Land Model uses the aero-
wind components to account for a possible tilt in the sonicdynamic resistancey, which is equal to the inverse of the
anemometers from true vertical. The average tilt angle calProduct of the Stanton number and the mean wind speed, i.e.,

_ -1
culated (but not used for any rotations) for the most frequent # —,(CHU) ,' o .
mean wind direction of west-northwest is less thanrithe US|r!g Monln—Obukhoy S|m|I§1r|ty theory, the aer_odynamlc
sub-canopy and Babove the canopy. It is not clear whether potentlal temperaturé, is defined by vertically integrat-

anon-zero angle indicates real time-averaged vertical motiof'd the non-dimensional potential temperature gradient from
or a tilted sensor. some level in the surface layer down to the roughness length

Multiresolution decompositionHowell and Mahrt 1997 for heat. However, since Monin—Obukhov similarity theory

Vickers and Mahgt2003 is used to compute the scale depen- is commonly assumed to be invalid for the roughness sub-

dences of the vertical velocity variance, the heat flux, the moJ@Yer between the surface and the surface layer (Bay;

mentum flux components, and the velocity aspect ratio. Mul-Pach 1994, the computed aerodynamic temperature will
tiresolution analysis applied to time series decomposes th&€ different from observed quantities, and therefore, rigor-
record into simple unweighted averages on dyadic timescaleSUS €valuation of similarity theory is problematiMghrt

and represents the simplest possible orthogonal decomposd Vickers2004. Our estimates of the sub-canoPy; are

tion. Unlike Fourier analysis, multiresolution decomposition Made possible by substituting a measured temperature for the

satisfies Reynolds averaging at all scales and, as a local tran&€rodynamic potential temperature in Eg. (3). In our case,
form, it does not assume periodicity of the signals. we use the 2 cm soil temperature when evaluating the flux—

gradient relationship in the sub-canopy and the radiative tem-
perature of the top of the canopy when evaluating the flux—
gradient method above the canopy.

=pc, <w'0 >=pc,CyU®, —0), 3)

where H is the sensible heat fluxg is the air densityc,

www.atmos-chem-phys.net/14/9665/2014/ Atmos. Chem. Phys., 14, 966§ 2014
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Figure 2. Composites of three levels of daytime vertical velocity spectra wis(t4, left column), kinematic heat flux co-spectra wT
(Kms~1, middle column), and the along- and cross-wind (red) components of the momentum flux (wu andzwvf(might column). All
quantities have been multiplied by 1000. The vertical line in each panel denet@9 s. The error bars denote the 99 % confidence limit
about the mean.

3 Results Comparing the location of the spectral peaks for, e.g., the
vertical velocity variance across levels, shows that the ra-
3.1 Turbulence structure tio of sub-canopy to above-canopy timescales exceeds two,

. ) , . while the ratio of sub-canopy to upper-boundary of the bole
The composite scale-dependent vertical velocity variancegnace equals unity for the nighttime and exceeds two for the
heat flux, and momentum flux components above the CanoPYaytime data. This can be explained by the closed, dense
at38maeg.|., atthe top of the sub-canopy bole space at 16 M,c5n6ny. As evidenced by the direction and magnitude of the

and in the open sub-canopy at 4m during the day and nighfea¢ fiuxes, the flow and transport at the 38 and 16 m levels

are shown in Figs. 2 and 3, respectively. To avoid contam-,mmunicate actively during the day indicating a coupled

ination of daytime and nighttime comparisons, the mominggiate while the 4m level is buoyantly decoupled. At night,
and evening transition periods have been excluded fromthesg,o 16 and 4 m levels are closely coupled, while the signifi-

composites. The daytime heat flux is upward at 16 and 38 m.5 ¢ ahove-canopy stratification decouples observations fur-
and downward at 4 m because the primary daytime radiativg,or aioft at 38 m.

h_eat_ing occurs in the tree crown where the leaf area den- |, addition to a shift toward increased peak timescale with
sity is greatest, and not at the ground surface. At night, thjecreasing proximity to the ground, we also call attention

16 m heat flux remains upward while the 38m and 4m levely, the much broader spectral peaks for sub-canopy fluxes
heat fluxes switch signs due to strong radiative cooling of the, 4 vertical velocity variance compared to the more nar-

canopy. rowly defined above-canopy peaks. The former may indicate

Atmos. Chem. Phys., 14, 9669676 2014 www.atmos-chem-phys.net/14/9665/2014/
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Figure 3. Same as Fig. 2 but for nighttime.

a wide variety of generating mechanisms, while the latterthe timescale of the second peakis 51.2 s (Fig. 2). The length
point to buoyancy as the most important mechanism drivingscale associated with a timescale of 0.8 s is only about 0.4 m,
the above-canopy turbulence. using a sub-canopy mean wind speed of 0.5tis com-

The spectra in Figs. 2 and 3 are ensemble-averaged ovdrination with Taylor's hypothesis, which may not be reliable
more than 8200 individual 30 min spectra, and the error barsn these very weak wind and weak turbulence conditions. Al-
indicate that the peak in the nighttime momentum flux atthough we have no direct measurements to confirm this, the
timescales of 1000 to 2000 s is statistically significant. Onepeak in the vertical velocity spectra at 0.8 s may be associated
would expect the momentum transport to be negative, i.e., diwith very small eddies generated by wake shedding at the
rected toward the ground, but it is surprising that the largesiower edge of the canopy layer (e.iyleyers and Baldocchi
contribution to the flux is found at such large timescales. We1991;, Brunet et al. 1994 Dupont et al. 2012. These very
currently do not have a sound physical explanation for thesmall eddies apparently transport momentum but not heat.
occurrence of these larger scale motions, but note that nonfhe lack of a well-defined double-peak structure in the ver-
turbulent sub-mesoscale motions are largely responsible fotical velocity spectra at night may be related to the weaker
the sub-canopy flow and transport of heat at this site as founavind speeds at night (Tables 1 and 2) and subsequently less
in Thomas (2011). wake turbulence.

A peculiar double-peak structure in the sub-canopy verti- The formation of a double peak in the vertical velocity
cal velocity spectra is found in about two-thirds of all casesspectra may also be related to canopy density and could be
during the day, but is absent in almost all nighttime data. Thesite specific. The canopy studied here is remarkable for its
double peaks are found for all wind directions, giving con- large plant area index of 9.4. Our previous study (Vickers
fidence that the result is likely not due to a measurement oand Thomas, 2013) looked at a tall open-canopy ponderosa
flow distortion problem. The first peak is found at 0.8 s, while pine site with a plant area index of 2.8. No double peak in

www.atmos-chem-phys.net/14/9665/2014/ Atmos. Chem. Phys., 14, 966§ 2014



9670 D. Vickers and C. K. Thomas: Turbulence in very weak wind conditions

the vertical velocity spectra was detected in the sub-canopy
of the tall open-canopy site

A double-peak structure is also observed in the daytime
sub-canopy heat flux co-spectra (Fig. 2), where a local min-
imum in the negative heat flux is found for the range of =
timescales from 6.4 to 25.6s. The heat fluxes at 16 and
4 m are opposite in direction, but the magnitude of the 4m
heat flux is only approximately 15 to 25 % of that fur-

ther aloft. We propose that the heat flux contribution for ol v P I R
the timescales dominating the 16 m-flux cancel out near the 10" 10° 10' 10° 10° 10*
ground as colder air is moved upward and mixes with the perturbation timescale (s)

relatively cold, but still warmer air moving downward from
the 16 m level. One would thus expect this canceling effectFigure 4 Three levels of_the _scale dependence of the v_elocity as-
to create a gap in the 4m heat flux co-spectra at timescale%eCt rath, VAR. The vertlc_al line denotes= 20s. Thg horlzon_tal
around 155, as evidenced in Fig. 2, bottom panel. Thus, thgashed line represents unity, where the turbulence is isotropic.
co-spectral gap should not be interpreted as evidence that
motions on these scales do not exist. We argue that the dou-
ble peaks are the result of the canceling contribution of op-and sign, and thus their behavior in the ensemble-averaged
posing fluxes creating a gap in an otherwise continuous cospectra should not be over-interpreted.
spectrum, and thus must not be interpreted as evidence for
physical processes generating motions with two distinctly3.2 Velocity aspect ratio
different timescales of 1 and 200s. The minimum in the sub-
canopy vertical velocity variance coincides with timescalesThe velocity aspect ratio (Eq. 2) is smaller in the sub-canopy
around 155, and its existence is consistent with our interpreeompared to above the canopy at all timescales (Fig. 4), in-
tation since the mixing of air and cancelation of opposingdicating that the sub-canopy motions are more anisotropic
fluxes near the ground would lead to suppressed vertical mofmore horizontal) compared to those above the canopy, con-
tions due to buoyancy effects. sistent with enhanced suppression of vertical velocity per-
The daytime momentum flux co-spectra at 16 and 4 mturbations closer to the ground. Both above and below the
are characterized by a relatively large cross-wind componentanopy, VAR is maximum at timescales of 0.4 to 0.8 s, and
(Fig. 2). This is likely due to the extremely light and variable decreases with increasing timescale. The scale dependences
sub-canopy winds, such that the definition of a mean windof the above-canopy and sub-canopy estimates of VAR are
direction and subsequent partitioning of the momentum fluxsimilar to those observed at a tall open-canopy pine forest
into cross- and along-wind components has little physicalsite (Vickers and Thoma<2013. The decrease in VAR with
meaning. Above the canopy at 38 m, where the mean windiecreasing timescale for timescales shorter than 0.4 s is likely
speeds are still weak but are much larger than in the suba shortcoming of the instrumentation, possibly due to a pre-
canopy (Tables 1 and 2), our results agree with those typferred path-length-averaging in the vertical direction caused
ically found in the literature indicating that the cross-wind by the sensor geometry of the sonic anemometers.
component of the momentum flux is typically small com- The unusual scale dependence of VAR at 16 m suggests
pared to the along-wind component. Positive values of boththat the canopy inhibits horizontal fluctuations more than
momentum flux components in the sub-canopy at timescalesertical ones, leading to large values of VAR that can even
exceeding about 10s (Fig. 2) denote a net upward transfeexceed unity in the long-term average (Fig. 4). At this site,
of momentum at these scales and are consistent with the olihe composite VAR reaches a local maximum of 1.5 at a
served decrease in the mean wind speed with height from 4 nimescale of 25.6 s. This enhanced suppression of the hori-
to 16 m. zontal wind fluctuations compared to the vertical at a height
At the 16 m level at night, we find relatively large momen- where the tree crown is densest was qualitatively confirmed
tum fluxes and vertical velocity variance at the smallest re-by visualizing the canopy flow using episodic releases of ar-
solved timescales (Fig. 3). However, carefully comparing thetificially generated buoyantly neutral fog. The fog showed
day- and nighttime ensemble-averaged momentum flux costrong and sudden vertical motions and enhanced diffusion,
spectra shows that these fluxes occur during both day andnhile horizontal dispersion and transport were very weak.
night with about the same magnitude and sign. Because the While we are not aware of similar observations reported in
scaling of the ordinates is different for the day and night, it the literature, the suppression of horizontal over vertical mo-
is difficult to see the contribution from the smallest motions. tions can be explained when recalling the physical canopy
The error bars in Fig. 2 and 3 indicate that this contributionarchitecture of the Douglas-fir trees. In the horizontal direc-
at the smallest scales is highly variable in both magnitudetion, the overlapping branches including their needles form
a large, uniform face and create a large flow resistance when

Atmos. Chem. Phys., 14, 96689676 2014 www.atmos-chem-phys.net/14/9665/2014/
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In the vertical direction, gaps in-between individual trees that € standard deviation
are visible from the top of the tower create narrow passages™ -8 TN W E— TR S S E—
that do not impede the vertical motions. The combined effect 0 4 8 12 16 20 24
of the differences in canopy architecture leads to a greater hour

suppression of horizontal in comparison to vertical mOtlon.S’Figure 6. The observed diurnal cycle of the sub-canopy sensible

thus relatively enhancing the velocity aspect ratio shown Nheat flux with standard error bars (top) afid. standard deviation

Fig. 4. These results may be site specific. (bottom), where the uncertainty is due to the day-to-day variability
. . . in the heat flux for a given hour of the day over the entire 5-month
3.3 Normalized turbulence intensity period.

The normalized turbulence intensity,(U~1) at 16 m is

much larger than either above or below the canopy, increases o . )

from about 1 to 2 as the 38 m wind speed increases from $trong ra_dlatlonal cooling of the tree crowns, and is down-
to 4msL, and levels off for wind speeds exceeding 2Ths ward during the day, when the tree crowns are warmer than
(Fig. 5). Moving from the upper clear bole space at 16 m tothe ground surface. This diurnal cycle of the heat flux is op-
above the canopy at 38m, the mean wind speed increasd®osite to thfa common textbook case wherg the hgat flux is
by a factor of 12 whiles,, increases by only a factor of 2. upward during the day gnd downward at night. It is rather
That is, the influence of the canopy on the flow is to Strong|yremarkable that a consistent sub-canopy heat flux pattern
reduce the mean horizontal wind speed while only weaklyemerges despite the instrumentgl challenges of measuring
reducing the vertical velocity fluctuations. The relative lack Such small heat fluxes characterized by large relative sam-
of suppression of the vertical velocity perturbations at 16 mPling errors associated with the shortcomings of comput-
is consistent with the finding above, where the canopy eleing eddy-covariance fluxes in very weak turbulenkafirt,
ments act to suppress the horizontal fluctuations more tha”010.

the vertical ones leading to large VAR at 16 m. We are not The relations_hip between the 4 m heat flux and t_he produgt
aware of any reported values of the turbulence intensity thaPf the mean wind speed and the temperature difference is

exceed those observed here (Fig. 5). shown in the bottom panels of Figs. 7 and 9. The slope of the
linear regression line is an estimate of the Stanton number
3.4 Flux—gradient relationship in the sub-canopy (Ch). The estimate foCy of 1.140.04x 10-3 with r2 =

0.32 is within the range of typical values reported 0
The composite diurnal cycle of the sub-canopy sensible heain the literature ranging from 1 to %102 (Stull, 1990.
flux over the entire experimental period ranges from aboutThe large relative random sampling errors associated with
1 W m2 at night to—3W m~2 during the day (Fig. 6). The the small fluxes contribute to the scatter.
fluxes are very small as a result of the extremely weak tur- We could not find any other variable that explained sig-
bulence due to the combination of weak winds above thenificant additional variance in the 4 m heat flux, including
canopy and a very dense canopy (Fig. 1). Despite the vergoil temperature, soil moisture content, air temperature, wind
weak turbulence and very small fluxes, a coherent temporaspeed or direction above or below the canopy, moisture flux,
pattern is observed where the heat flux is upward at night bemomentum flux, or the variances of vertical velocity, tem-
cause the ground surface is warmer than the canopy due tperature, or moisture. That is, the formulation in Eq. (3),
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e 0 Figure 8. The frequency distribution of the sub-canopy Stanton
- number (multiplied by 1000) where each 30 min estimate is com-
= .0.005 puted as the heat flux divided by the product of the mean wind
= speed and the temperature difference. This approach for estimat-
£ T L ing the Stanton number yields a mean value dfx11073 and a
v o-eor 4 3 2 0 ’ ,  standard deviation of.25x 103,

U 4m (TS 2cm-Ta 4m), (C m s
0.3 T

Figure 7. Scatter plot of the 30 min average sub-canopy kinematic:‘
heat flux (lower panel) as a function of the product of the mean _
wind speed and the temperature difference. The slope of the linear, -2
regression line (red) is an estimate of the sub-canopy Stanton num-_
ber (Cy). The estimate for the sub-canopy;@ising this approach

is 1.14 0.04x 10~3, using a 90 % confidence interval for the slope,
and the regression explains 32 % of the variance. Above the canopys
at 38 m (upper panel), the estimate of the Stanton number is173.5
1.3x 1073, with 77 % of the variance explained.

X

0.1

hﬁr flu
[

U_38m (Tcan-Ta_38m), (Cm s’

assuming the exchange coefficient is known, appears to be
the best formulation of the heat flux, thus confirming the bulk 4 95
flux—gradient approach for the sub-canopy. -

In addition to general agreement with previously reported £
Cy estimates, it is encouraging that the intercept of the re-< 0
gression equals zero for all practical purposes (bottom panels<
of Figs. 7 and 9), which indicates that, on average and despite-
the large scatter, the sub-canopy heat fluxes are aligned withg -0-002
the direction of the local temperature gradient as required by-2
the flux—gradient relationship. The zero intercept was found £
using the 2 cm soil temperature and the 4 m shielded and as-
pirated air temperature to calculate the temperattjre differ- U 4m (TS 2cm-Ta 4m), (Cm s
ence. The zero intercept suggests that the 2 cm soil tempera-
ture measurement is representative of the average ground sufigure 9. The kinematic heat flux as a function of the product of the
face (skin) temperature in the sub-canopy eddy-covariancenean wind speed and the temperature difference at 38 m (top panel)
flux footprint. and at 4m (bottom). The slopes of the linear regression lines (red)

The dependence of the strength of the regression relatiorre estimates Of the Stanton number5281.3x 103 at 38 m and
ship (or the fraction of variance explained)) and the slope 1.140.04x 102 at 4m. Each of the ten class averages contains
(Cy) on the flux perturbation timescale)(and the flux- an equal number (282) of 30 min samples. Error bars detidte
averaging timescale.] is briefly discussed here. Neithet standard error.

-0.004
-4
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or Cy are strongly sensitive tb. The variance explained by
the regressionr€) increases slightly with increasingdue
to a decrease in the random sampling error. The change in -
Cy with flux-averaging timescale is small, decreasing only
6% for a change in. from 30 min to 2 h. The-? decreases L
slightly with increasingr because an increasing perturba- 8
tion timescale increases the possibility that larger-scale, non<
turbulent sub-mesoscale motions, which may not be related® 6~ - B
to the local mean wind speed or temperature gradient, will = r
be included in the calculated flux, especially in stable condi- 4
tions (e.g.Smedmanl988 Vickers and Mahrt2006 Mahrt, -
2009. Cy increases with increasing perturbation timescale 2
because of the systematic flux loss when using too small a -
value fort to calculate the heat flux. For example, if there
is significant heat flux associated with turbulent transport on
timescales of 300 s and the flux is calculated usimgjual to Stanton number
100 s, then the computed flux will be an underestimation for
the given wind speed and temperature gradient. 120 ,
An alternative approach for estimating the sub-canGpy L _
is to compute individual 30 min average estimates, equal to 100 - I:{ i
the heat flux divided by the product of the mean wind speed L IIE _
and the temperature difference (Eq. 3). The frequency distri-3 80 - E E
bution of such estimates is shown in Fig. 8. This approach to‘g’ L I i
estimateCy yields a mean value of.1 x 10~3 with a stan-
dard deviation of D5x 10~3. When computing individual
30 min average estimates 6fy, we exclude cases where =
the product of the absolute value of the 30 min mean wind®

0
-200 -100 0

anton n
1

e
b
L1

speed and the temperature difference is less than 0.1 Kms 20 }:} EIII
This is necessary to avoid dividing by a very small number or _EIIEE Ef_
zero when solving Eq. (3) faf  for individual 30 min peri- N T T
ods. About 15 % of th€ i estimates are less than zero, indi- 00 4 8 12 16 20 24
cating counter-gradient heat transfer (Denmead and Bradley, hour

1985) or, more likely, very small mean fluxes and large ran-

dom flux sampling errors. The negative valuesGyf tend Figure 10. The frequency distribution (top panel) and the diurnal
to be associated with stronger wind speed periods. Some dfycle (bottom) of the above-canopy Stanton number multiplied by
the variation in the sub-canopyy (Fig. 8) appears to be 1000. Error bars denote 1 standard error.

due to variation in stability (not shown). However, we avoid
plotting Cy as a function ok /L, whereL is the Obukhov
length scale, to eliminate the problems associated with self- -
correlation, where the same quantity (in this case the heat
flux) is contained within two different variable€'f; and
z/L) being compared to each othéti¢cks, 1978 Klipp and
Mahrt, 2004 Baas et al.2006. We also avoid comparing
Cy to a bulk Richardson number because both contain the
temperature gradien€’y is positively related to the vertical
velocity variance; however, models do not have information 01 , | , | , | ,
on the vertical velocity variance, so developing relationships ©-30 -20 -10 0 10
based on the velocity variance may not be useful to parame- U_38m (TS_2cm-Ta_38m), (Cms')
terize the heat flux.

)

0.3 ; . , . , .

0.2 -

0.1 -

38-m heat flux (Cms

Figure 11. The kinematic heat flux as a function of the product
of the mean wind speed and the temperature difference using the
single-source approach (see text). The slope of the linear regression

Above the cano is computed using a temperature dif line (red) is estimate of the Stanton numbef:2.8 +27.9 x 103
v PYCH 1S pu using peratu ™ Each of the ten class averages contains an equal number (282) of

ference equal to the brightness radiative canopy temperaturg, ,in samples. Error bars denatel standard error.
minus the 38 m air temperature (top panels of Figs. 7 and

3.5 Flux—gradient relationship above the canopy
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9). With such a temperature gradient defined, our estimatéocal temperature gradient in both the sub-canopy and above-
of Cy above the canopy using the regression slope methodanopy layers when the two layers are considered separately.
is 735+1.3x 1073 (Fig. 9, top panel). This is about 65  Our presentation here af; for the single-source ap-
times larger than the estimate found for the sub-canopy oproach is only an exercise for demonstration purposes. We
1.1+£0.04x 103, The linear regression explains 77 % of the are not aware which models, if any, may still be employ-
variance of the heat flux at 38 m compared to 32 % of theing a single-source approach for grid points with tall forest
variance at 4 m. canopies.

Stability appears to have a significant influence on the
38m Cy, leading to a bi-modal frequency distribution
(Fig. 10). Stability is more important above the canopy com-4
pared to in the sub-canopy in part because the daytime heaII
fluxes at 38 m are typically 100 times larger than those in
the sub-canopy. The mean daytime above-canGpy is
84.2+55.6 x 10~3, while the mean nighttime above-canopy
Cp is 153426.4x 1073, Again, direct comparisons between
Cy andz/L or the bulk Richardson number are avoided
here to eliminate contamination of the relationships by self-
correlation.

Summary and conclusions

he daytime sub-canopy heat flux is downward because the
strong radiational warming takes place in the high leaf area
density of the canopy layer, not at the ground. Conversely, the
nighttime sub-canopy heat flux is upward because the strong
radiational cooling takes place in the canopy layer, not at the
ground.
The sub-canopy fluxes and vertical velocity variance ex-

hibit greater peak timescales and broader spectral peaks com-

. One possibility to explain the Iarge}_H abov_e the canopy 6Rared to the those above the canopy. This likely indicates
is that the larger surface area associated with the large le . ; . .
a variety of turbulence generation mechanisms in the sub-

area density leads to more efficient transfer of heat for a .
: . . canopy compared to above the canopy, where a single mech-
given mean temperature difference and wind speed, and thus_. .
- R anism (buoyancy) dominates.
a larger exchange coefficient. Another possibility is simply . L
) ) A peculiar double-peak structure with timescales of 0.8s
that the turbulence is much stronger above the canopy; how-

ever, this difference in turbulence strength should be at Ieaﬁff(l)r::?; t’zeiljatyglﬁf:ly t(:]t;ss;vegl:? :I]rics),:tb I;Za\l/r;?% \;ﬁriﬁa!r\fe'
partially accounted for in the bulk formula whetg is re- P g y gnt.

. very small eddies responsible for the peak at 0.8s may be
lated to the shear generation of turbulence and the tempera- . . .
: . . associated with tree stem wake. A double-peak structure is

ture difference is related to the buoyancy generation of turbu- . :
also observed in the daytime sub-canopy heat flux co-spectra,

lence. While the larger normalized turbulence intensity above here a local minimum in the negative heat flux is found for

the canopy (0.32) compared to that in the sub-canopy (O'lgﬁlwe range of timescales from 6.4 to 25.6 s. We argue that the

could account for some of the differencediy, it seems un- double peaks in the heat flux are the result of the canceling

likely it could account for all of it. We would like to add contribution of ooposing heat fluxes creating a gap in an oth-
that all three observational levels are likely located within . ot opp 9 gagap
erwise continuous co-spectra,

the roughness sublayer, as it can extend from the surface t6 . .
. ) The daytime momentum flux co-spectra at 16 m and in
3 to 5 times the canopy heighBéarratt, 1980 Raupach and . .
the sub-canopy are characterized by a relatively large cross-

Thom, 1981 Thomas et aJ2006. If the 38 m measurements . : ) :
. ; wind component, likely due to the extremely light and vari-
are indeed in the roughness sublayer, then the turbulence an X — : .
4 . le winds, such that the definition of a mean wind di-
the fluxes may be heterogeneous in the horizontal and much_ . N
) . _rection, and subsequent partitioning of the momentum flux
larger (or smaller) than predicted by standard flux gradient . : .
i : into along- and cross-wind components, has little physical
relationships. . o
meaning. Positive values of both momentum flux compo-
nents in the sub-canopy denote an upward transfer of mo-
3.6 Single-source flux—gradient mentum, consistent with the observed decrease in the mean

wind speed with height between the sub-canopy and canopy

Here we estimat€'y at 38 m using a single-source approach layers.

where the temperature difference used to estimate the heat The closed canopy appears tp inhibit horizontal motions
. . more than vertical motions, leading to large values of the ve-
flux at 38 mag.l. is computed as the 2 cm soil temperature

minus the potential temperature of the air at 38 glaThat !OC'ty aspect ratio and the n_ormahzed tur_bulence _mtensny
. . . in the canopy. The suppression of the horizontal wind com-
is, the single-source approach ignores the presence of the . o
canopy ponent compared to the vertical component was qualitatively

Using the single-source approaciCy is negative confirmed by visualizing the flow using releases of buoyantly

(—128+ 27.9x 10-3), suggesting that the heat fluxes are neutral fog. The sub-canopy motions are more anisotropic

counter-gradient (Fig. 11). That is, the single-source aIO_compared to those above the canopy, consistent with en-

proach fails because it makes the heat flux appear to bhanced suppression of vertical velocity perturbations closer

counter-gradient when in fact the heat flux is aligned with the?o the ground.
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The slope derived from linear regression of the sub-canopyBrunet, Y., Finnigan, J., and Raupach, M. R.: A wind tunnel study of
heat flux as a function of the product of the mean wind speed air flow in waving wheat: single-point velocity statistics, Bound.-
and the temperature difference yields an estimate for the sub- Lay. Meteorol., 70, 95-132, 1994. . S
1.140.04x 10~2 (90 % confidence interval for the slope) a forest canopy, in: The Forest-Atmosphere Interaction, edited

N L L ., by: Hutchison, B. A. and Hicks, B. B., D. Reidel Publ. Comp.,
The intercept of_the regression is zero, indicating that, on av Dordrecht, Boston, London, 421442, 1985,
erage and despite the large scatter, the sub-canopy heat quxB

in th i d with the | | di ﬁpont, S., Irvine, M. R., Bonnefond, J., Lamaud, E., and
in the mean are aligned with the local temperature gradient. Brunet, Y.: Turbulent structures in a pine forest with a deep and

An alternative approach for estimatiiig;, where we com- sparse trunk space: stand and edge regions, Bound.-Lay. Meteo-
pute individual 30 min average estimates and average them, o], 143, 309-336, 2012.
yields an estimate for the mean sub-canopy Stanton numbegarratt, J.R.: Surface influence upon vertical profiles in the atmo-
of 1.1 x 103 with a standard deviation of @5 x 10~3. spheric near-surface layer, Quart. J. Roy. Meteorol Soc, 106,
The exchange coefficient for heat above the canopy is 803-819, doit0.1002/0j.49710645011980.
735+ 1.3 x 1073, or about 65 times larger than the estimate Goulden, M. L., Munger, J. W,, Fan, S. M., Daube, B. C., and
found for the sub-canopy. Stability appears to have an impor- Wofsy, S. C.. Measurements of carbon sequestration by long-
tant influence. The mean daytime (unstable) above-canopy term eddy covariance: methods and a critical evaluation of ac-
Cy is 8424556 x 10-3, while the mean nighttime (stable) , cUracy: Glob. Change Biol,, 2, 169-182, 1996.
above-canopyy is 15.3+26.4 x 103 A likely explanation Hicks, B. B.: Some limitations of dimensional analysis and power
PY . laws, Bound.-Lay. Meteorol., 14, 567-569, 1978.
for the IgrgerCH abpve the canopy com_pa_red to in the sub- Howell, J. and Mahrt, L.: Multiresolution flux decomposition,
canopy is that the higher leaf area density in the canopy leads Bound.-Lay. Meteorol., 83, 117137, 1997.
to more efficient transfer of heat compared to the ground surkjipp, C. L. and Mahrt, L.: Flux—gradient relationship, self-
face for a given wind speed and temperature difference, and correlation and intermittency in the stable boundary layer, Q. J.
thus a larger exchange coefficient. Much stronger turbulence Roy. Meteor. Soc., 130, 2087-2104, 2004.
at 38 m may also be a factor, although this effect is typically Mahrt, L.: Characteristics of submeso winds in the stable boundary
assumed to be accounted for in the bulk formula. layer, Bound.-Lay. Meteorol., 130, 1-14, 2009.
A single-source approach for the 38 m heat flux fails be-Mahrt, L.: Computing turbulent fluxes near the surface: needed im-
cause it neglects the presence of the canopy. Such failure is Provements, Agr. Forest Meteorol., 150, 501-509, 2010.

. - Mabhrt, L. and Vickers, D.: Bulk formulation of the surface heat flux,
likely dependent on the canopy closure and vertical structure. Bound.-Lay. Meteorol.. 110, 357-379, 2004.

Neglecting the Can.Opy at our' site rr}ia'kes'the heqt flux appegy, eyers, T. P. and Baldocchi, D. D.: The budgets of turbulent kinetic
to be counter-grac_hent when in factitis aligned W'th_ the local energy and Reynolds stress within and above a deciduous forest,
temperature gradient when the two layers are considered sep- Agr. Forest Meteorol., 53, 207—222, 1991.
arately. This indicates that surface flux models that do not exgleson, K. W., Lawrence, D. M., Bonan, G. B., Flanner, M. G.,
plicitly resolve the canopy and sub-canopy layers may com- Kluzek, E., Lawrence, P. J., Levis, S., Swenson, S. C., Thornton,
pute erroneous heat fluxes. P. E., Dai, A., Decker, M., Dickinson, R., Feddema, J., Heald,
C. L., Hoffman, F., Lamarque, J., Mahowald, N., Niu, G., Qian,
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