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Abstract. The particularities of the physics of the canopy 1 Introduction
layer pose challenges to the determination and use of tradi-

tional universal functions so helpful in the atmospheric sur-gj xes of momentum and heat in the atmospheric surface
face layer. Progress toward ‘universal-like functions’ such asjayer are generally described with non-dimensional wind and
those provided by Monin-Obukhov similarity theory for the temperature gradients using Monin-Obukhov similarity the-
canopy layer has been modest. One of the challenges lies iy These are usually expressed as functions of the atmo-
that the assumptions underlying Monin-Obukhov similarity spheric stability parameteyL, wherez is the measurement
theory do not hold within a canopy layer. This paper thus height andL is the Obukhov length (Webb, 1970; Businger
examines the local flux-profile relations for wind,() and et g1, 1971: Dyer, 1974; dfstom, 1996). Similarity func-

for temperatured;). It uses three different stability param-  jons agree with direct measurements for a wide range of un-
eters, i.e.p/L(h) at tree top, locat/L(z) and the local bulk  gtaple and neutral conditions dlgstom, 1988; Sugita and
Richardson numbeR{), within a tall forest canopy in night-  grytsaert, 1992). However, the agreement is not nearly as
time stable (indicated biy/L(h) > 0) conditions. Results sug- eyident in moderately and strongly stable conditions (Lee,
gest that the in-canopy,, can be described using the local 1997: Sharan et al., 2003).

Richardson numbdgi. Furthermoreg,, is found to increase In stably stratified boundary layers, turbulence is gener-

linearly with Riin the upper canopy layer foRi| < 1. When ated by mechanical shear. It is destroyed by negative buoy-

local |Ri| > 1, |¢,,| decreases withRi| in a power function, . L . .

. . ancy forces and viscous dissipation, with the suppression of
a result consistent for all levels of measurements within theturbulence by negative buovancy limiting the extent of verti-
canopy. When both locap, and localRi are positive, i.e., Yy neg yancy g

the local downward turbulent heat flux is consistent with thecaI mixing (Stull, 1988). Nieuwstadt (1984a, b; 1985) sug-

local temperature gradient, the logglincreases with the lo- gested that local Obukhov lengtiA( based on local tur-
tempera 9 ' 9 oo bulent fluxes should be a more fundamental length scale in
calRiwhenRi < 1. Howeverg, does not change witRi (or

! . . stable stratification. As a result, dimensionless gradients of
much more scattered) wh&i> 1. The relationship between . .
- : wind speed and temperature could be expressed as functions
local ¢, andRi disappears when counter-gradient heat trans-

. .. . f ingl lin rameter, or local ili rameter
fer occurs in strongly stable conditions. A self-correlation of a single scaling parameter, or local stability parameter,

analysis is used to examine the influence of self-correla’tiorf(= z/A). Local scaling has been applied in studies of flux-
y . . . . profile relationships in the stable atmospheric boundary layer
and the physical meaning of these relationships.

(Howell and Sun, 1999; Grachev et al., 2005; ¥aget al.,

2006; Basu et al., 2006; van de Wiel et al., 2008). From direct
numerical simulation of the Navier-Stokes equations, van de
Wiel et al. (2008) showed that in true homogeneous and sta-

Correspondence tdS. Zhang tionary conditions the similarity functions remain valid even
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as the stability parameterincreases, the similarity functions thus suggest that a gradient-based scaling might be more suit-
tend to level off, i.e., in very stable conditions, stability tends able than a flux-based scaling. The latter is usually used for
not to control momentum and heat fluxes (Grachev et al.the unstable boundary layers with large fluxes and small gra-
2005; Yagle et al., 2006). As indicated by Mahrt (2007), dients.
the “leveling off” is mainly due to non-stationarity and non-  In this paper, we study flux-profile relationships at differ-
homogeneity. ent depths within a tall forest canopy, using eddy-covariance
A forest canopy acts as a source and/or a sink of energymeasurements and temperature profile data within and above
carbon, and water vapor. An understanding of the momenthe canopy. We first examine the profiles of wind speed
tum and heat transfer inside the canopy is essential to quarand temperature, vertical gradients, and momentum and heat
tify and model the atmosphere-biosphere turbulent exchangdluxes, all quantities involved in stability parameters and
Simpson et al. (1998) showed that measured eddy-covariandéux-profile relationships of wind and temperature. Then
fluxes agree well with those derived using similarity theory we compare the relationships of local non-dimensional wind
at about twice canopy height. They also noticed significantand temperature gradienig,( and¢;,) with different atmo-
discrepancies at heights closer to the canopy (1.2 to 1.4 hspheric stability parameters, i.eh/L(h) at tree top, mean
wherer is the canopy height). These suggest that the Monindocal z/L(z) and local bulk Richardson numb&i, at dif-
Obukhov similarity theory work well above the roughness ferent layers within the forest canopy in nighttime stable
sublayer but not really as well within the roughness sublayeratmospheric conditions indicated with/'L(h) at tree top.
Other parameters, such a4 (the ratio of the canopy Both the non-dimensional gradients and stability parameter
height 2 to the Obukhov lengthl. at the top of or above share one or more variables and self-correlation is not avoid-
the canopy), have also been used to describe the influencable. Therefore, we use a self-correlation analysis (Mahrt
of the atmospheric stability on turbulence properties insideand Vickers, 2003; Klipp and Mahrt, 2004; Ha et al., 2007;
the canopy (Shaw et al., 1988; Leclerc et al., 1990, 1991Mahrt, 2007) to check the degree of physical meaning in-
Brunet and Irvine, 2000). Using essentially the same ap-olved in the above relations.
proach as Shaw et al. (1988) and Leclerc et al. (1990, 1991),
Kruijt et al. (2000) analyzed within-canopy turbulence prop-
erties using five stability classes with/1/ More recently,
Harman and Finnigan (2007) defined a canopy penetratio
depthLc and used.c/L as the atmospheric stability param-

eter. However, thermal stratification within a canopy gener-rpqo experiment was conducted in a 15-year-old managed
ally differs from that above the canopy. This is especially g|55h pine forest canopyinus elliottii L.) at the Florida

true in stable atmospheric conditions, as the flow is impactedy meriFiux site (2945 N, 82°10' W) near Gainesville, FL.
by the canopy structure which modulates canopy turbulencerg site is flat and has an elevation of about 50 m. The reader

and thermal structures. is referred to Gholz and Clark (2002) for more climatic in-
Different stability parameters have been used to represent, . mation about the site.

the stability within the canopy. Lee and Mahrt (2005) formu-  there were two peaks in the canopy leaf area index (LAI)

lated a revised local stability parameter/A, to study the  gengity profile (Fig. 1, measured in June 2003, with canopy
effect of stability on mixing in forest canopies, whefeis  pejgnt of 13.1m and total LAl of 85-+0.99), one at 0.75—
the local Obukhov length and the coefficignt=(zr—d)/zr, . gh in the tree crown and the second at 0.1 h corresponding

with z for the top of the roughness sublayer ahdor the 4 the ynderstory. The understory was uneven and composed
displacement height. Jacobs et al. (1992) showed that thg,ainly of saw palmetto, wax myrtle, Carolina jasmine, gall
bulk Richardson number within a maize crop canopy PrO-perry, and eastern bracken fern.

vides more useful information in calm nocturnal conditions
than the Obukhov length either within or above the canopy. 2.2 |nstrumentation and data collection

Leuning (2000) usedh/L as stability parameter, but the
Obukhov lengthl of the roughness sublayer at night was es-During the experimental campaign from 15 April to
timated from the above-canopy gradient Richardson numberl1l July 2004, seven three-dimensional sonic anemometers
not from the sensible heat flux and friction velocity measured(CSAT3, Campbell Scientific Inc., Logan, UT) were placed
with the eddy-covariance method. In this way, the fluxes esti-at 0.08, 0.21, 0.48, 0.59, 0.89, 1.0, 1.4 h, where the canopy
mated from the inverse Lagrangian analysis agreed well wittheightz was 13.5m. The data were logged into a CR9000
eddy-covariance measured fluxes. This study suggests thadata logger (Campbell Scientific Inc., Logan, UT) at 10 Hz.
in stable conditions, the gradient Richardson number should~ourteen aspirated thermocouple sensors (Campbell Scien-
be a better parameter thaflL when L is obtained directly tific Inc., Logan, UT) were mounted on a nearby tower at
from eddy-covariance measurements. Baas et al. (2006) aldevels 0.07, 0.15, 0.23, 0.3, 0.39, 0.45, 0.53, 0.6, 0.68, 0.76,
indicated that in the stable boundary layer, fluxes are gener9.84, 0.91, 0.99, and 1.06 h to get a temperature profile. Half-
ally small and gradients of mean variables large. The authorfiourly mean temperature was recorded with a CR-23X data

2 Materials and methods

.1 Experimental site
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1.0 - wherek is the von Karman constant (taken as 0&4)js the

virtual potential temperature from sonic anemometé$; is

0.9

. the local covariance between the vertical wind velocity and
08 the virtual potential temperature, and is the local friction
07 velocity. The local friction velocity:,.(z) was calculated as
06 2 2 \A
] we(@) = (0”@ + 00" @) ©)
= 054
N 04 Local non-dimensional wind and temperature gradients
; (¢, and ¢p,) were calculated using gradients between the
031 sonic anemometer levels within the canopy layer:
°27 _ kz U@ -U() @
" 1 (28) "Tu) z2-u
0.0 -7r1r 1T 11111111 and
00 041 02 03 04 05 06 07 08 09 10
LAI density & kz 0(z2) —0(z1) (5)

0 -1

Fig. 1. Vertical profile of leaf area index (LAI) density and its stan- hered. is the | 't ¢ | timated using th
dard error of mean with sample number in parentheses, measure\g erev. IS the local temperature scale estumated using the

in June 2003 when the forest height (vas 13.1 m. The total LAl local friction velocity and local covariance of the vertical ve-
was 285+ 0.99. locity and temperature as

—w'0!
o . 0. = v

logger (Campbell Scientific Inc., Logan, UT). In addition, * Uy
an automatic weather station was installed above the forest
to record half-hourly mean air temperature, wind speed anddi

direction, relative humidity, solar and net radiance, atmo-
spheric pressure and rainfall.

(6)

The degree of self-correlation between the non-
mensional gradients and the stability parameter due
to sharing one or more variables was also estimated. We
determined the self-correlation betweer), and Ri and
betweeng; and Ri using the method proposed by Mahrt
and Vickers (2003) and by Klipp and Mahrt (2004). The
Data were processed in 30-minute intervals. The spikes ifProcedures are:

the data were detected and removed with a method proposed
by Hgjstrup (1993) and Vickers and Mahrt (1997). The pla-
nar fit (PF) method (Wilczak et al., 2001) was applied to cor-
rect sonic anemometer tilt errors. In addition, the temporal 2. ¢,,, ¢,, andRi are calculated with the randomly picked

2.3 Data processing

1. each variable involved in the calculation g@f,, ¢, and
Riis picked at random from the original data set;

trend in each individual run was removed with linear regres- variables;
sion before various statistical properties were calculated. _
The local bulk Richardson numbeRij, was calculated us- 3. repeat the above-stated two steps as many times as the

ing the potential temperature (estimated from the measured ~ number of the original data;
air temperature profile) and wind speed at two heigbis ( 4. in contrast with Mahrt and Vickers (2003) and Klipp

andzz) in a layer within the canopy: and Mahrt (2004) where they used only a linear corre-
. g 0(z2)—60(z1) lation, a linear correlation coefficient or the coefficient
= 5m@2 —20); (1) of determination (i.e., ratio of the variance of simulated
data to the variance of data to be simulated) is calcu-
lated betweem,, (or ¢,) andRi, depending on either
linear or nonlinear relationship between them in differ-
ent ranges oRi; and

whereg is the acceleration due to gravityjs 30-min mean
potential temperature with representing the spatial mean
potential temperature in the layer, atids the 30-min mean
cup wind speedl{ = (124 v2)1/2) calculated from the sonic

anemometer wind componentandv. 5. the above steps are then repeated 1000 times and the
In addition to the stability parametévL at tree top, the coefficients averaged.

local stability parameterz(L) was also calculated from the . ) .

local Obukhov length. In this method, the measured values of variables contained

in ¢, ¢n andRi, i.e., friction velocity, temperature scale,
potential temperature, wind shear, and potential temperature
gradient, are redistributed randomly. Tég (or ¢5,) andRi

Qvuf

L=——7T=
grw'o;

)
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Table 1. Description of the classification of stability based on the ] [~ A " e I
parameteh/L(h) at tree top, wheré is the tree canopy height and 08 ) 08 i s 08
L(h) is the Obukhov length at tree top. 0sl m/ o5 / s _\-%
S |l < o P A
| N / =
Class h/L(hyRange Mean o N* o4 (a) “T U D S|
Weakly stable (0.03,0.1) 0.055 0.019 20 (or 15) 0247 02 .\ 02 B
Moderately stable (0.3,0.6) 0.446 0.088 34 (or 20) 00l 00 - .
Strongly stable (1’ 3) 183 0629 35 (or 29) 0.9 05 10 15 20 -01 00 041 01.2 0.3 -1 0 1
U (m/s) durdz (s™) uwu’(h)
o, standard deviationy, number of 30-min data points. 1.0 1.0 1.0 =
* Due to removal of erroneous sonic anemometer data at 0.21 h in some days, the periot aiv s *\Ma
numbers at the level 0.21 h or in the layers 0.48-0.21 h and 0.21-0.08 h are 15, 20, anc o8 ; 08 I 08] \
29 for weakly, moderately, and strongly stable conditions, respectively, less than those | [
at upper levels, and thus the mean and standard deviattoh @) are slightly different 0.6 id l 0.6 0.6 >
from those listed here. e e de od - kil -
N o. [ N 04 \ N 04
N N @ N
L. . . 0.2 %Aﬁl 0.2 S 02 h-‘»a%
created from the randomly redistributed variables will not re- iz A A
tain any real connection with physical meaning. Thus, the == "% o o "7 o 7 32
correlation between them is a measure of self-correlation 0 - 8(h) (K) do/dz (Km™) w'e'lu.(h)/]6.(h)|
due to sharing one or several variables. The difference be- |, 0
tween the coefficient of determination of the original data set / T T
and that of the randomly created data set is an estimate o "°| |+ °e 4
the physical variance explained by the examined relationship ~ os{ |/ 0o hé'—ég) o
(Mahrt and Vickers, 2003; Klipp and Mahrt, 2004; Baas et € ,.| | © <ol 20'3 66))
al., 2006; Vickers et al., 2009). ‘ i A (103
. . . . 0.2 0.2 (1 '0’ 30)
The present analysis is focused exclusively to the night- =8
time dataset (19:30-05:30 h EST) with stable conditions in- o0 ——————  °%—m
dicated byh/L(h)> 0.
(I)m (I)h
3 Results and discussion Fig. 2. Vertical profiles of(a) horizontal wind speedpb) verti-
cal gradient of horizontal wind speef@) covariance of horizontal
3.1 \Vertical profiles within the canopy and vertical velocitiesu{ w’) normalized by friction velocity i{y)

at tree top(d) difference of potential temperature)(from that at

Vertical profiles of atmospheric variables used in calculat-e€ top.(e) vertical gradient o, (f) covariance o andé nor-

ing local stability parameters and non-dimensional wind and™a/ized by« and temperature scale,) at tree top(g) similarity

temperature gradients within the forest are plotted in Fig. o function of wind ), and(h) similarity function of temperature

The data are grouped and averaged according to the atm ép), I Wefikly, m.olde.ratc.ely and §trongly stable conditions with the
. o tmospheric stability indicated with/L(h) at tree top.

spheric stability at tree tof/L(h). Three classes are shown

to represent a range of weakly, moderately and strongly sta-

ble conditions at nighttime. Table 1 shows the ranges of

h/L(h)values of these classes along with their mean, standarfP!iage just beneath the dense crown foliage. Wind gradients
deviation, and number of periods in each class. It should béx'® the largest in the crown a28+0.057, 015+0.037, and

1
pointed out that, for those variables at the level 0.21 h or in0-12+0.059 s~ for weakly, moderately, and strongly stable
the layers 0.48-0.21h and 0.21-0.08 h, the period numberslasses, respectively, and then rapidly decrease with depth

are fewer than those at upper levels due to the removal of ocUntil the mid-canopy layer (Fig. 2b). This is due to the ab-
casional erroneous sonic anemometer data points at 0.21 h Sorption of momentum by leaves and branches, leading to a
fast decrease of wind speed in the upper canopy. The gradi-

3.1.1 Wind speed gradient and momentum flux ents are smallin lower layers of the canopy, with mean values

as 0.022, 0.016, and 0.014'sfor weakly, moderately, and
The profiles of horizontal wind speed and its vertical gradientstrongly stable classes, respectively. The wind speed gra-
in different stability conditions are shown in Fig. 2a and b. As dient inside the canopy decreases with increasing stability,
expected, the horizontal wind speed decreases with depth isame as above the forest (data not shown). Negative velocity
the canopy and with stability. It is noticed that, in the mod- gradients are usually observed in moderately and strongly
erately and strongly stable conditions, a local maximum ofstable atmospheric conditions at about mid-canopy and cor-
wind speed exists at about 0.5h (Fig. 2a). This coincidesesponds to a local maximum of wind speed in the sparse
with the region of the sub-canopy characterized by a sparséayer of the trunk space.

Biogeosciences, 7, 3623636 2010 www.biogeosciences.net/7/3625/2010/
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Figure 2c presents the profiles of the non-dimensional cocases, with mean values 0.12 to—0.08 and around zero,
varianceu’w’ normalized with the friction velocity at tree respectively. In strongly stable conditions, however, it de-
top in different stability conditions. In the crown layer, the creases from 0.7 at 0.48h to 0.3 at 0.08 h. By comparing
mean normalized covariance values change from abdut Fig. 2e and f, it can be seen that counter-gradient turbulent
at tree top to about zero at 0.6 h (about the bottom of theheat fluxes occur frequently deeper inside the tree layer in
crown), indicating that the downward momentum flux de- strongly stable conditions.
creases quickly with depth, due to the absorption by the
crown. The mean normalized covariance is small and mostly3.1.3  Similarity functions of wind and temperature
positive (around 0.2 in mean) in the lower canopy in strongly
stable conditions. This reflects the occurrence of upward MOFigure 2g shows the profiles of the similarity function of
mentum transport in strongly stable atmospheric conditions, ;i (ém) in the three stability classes. On averagg,has
The__profiles of the normalized’w’ are similar to those of 4 largest value in the top layer of the canopy, being 3.2,
Kruijt et al. (2000). 5.8, and 9.5 for the weakly, moderately, and strongly stable
conditions, respectively,, decreases with depth in canopy
and is usually negative in the middle layer in moderately and
The profles of potetal temperature (g 20) and s ven- "9 806 Sreiers, e o e preserce of e e
cal gradients (Fig. 2e) exhibit different patterns in different 0.1100.2
stable conditions. In weakly stable conditions, the potential o , )
temperature slowly decreases with depth in the upper canopy. !n thg top layer of the canopy, mem INCreases with stq—
and decreases faster in the lower canopy (Fig. 2d). The grad ility, different from th_e velocity gradle_nt in Fig. 2b. This
ents are small (around 0.02 Krh) and decreases slowly with '° because the locad, n the top layer is large _(0‘4 m_é)
depth in the upper canopy. However, they rapidly increase"! yveakly stable clo_ndltlons and dggreqses quickly with sta-
with depth in the lower canopy to reach close to 0.4 #in bility to 0.08 ms ™+ in str.ong stratification. In thellowc.ar
mean value (Fig. 2e). The results in weakly stable conditionshalf canopy, the I.ocah* IS generally small and varies lit-

le with height, being 0.08 nTs in weakly stable conditions

suggest an intrusion and mixing of air from above the canop d ab 1 q | q | bi
into the forest to about half of the canopy, with a temperaturean about 0.05 in moderately and strongly stable con-

inversion deep inside the canopy due to the ground energ)g't'ons'
loss through long wave radiation. The profiles of the similarity function of temperatugs, {

However, in strongly stable conditions, the potential tem-in diﬁerent stablel conditions are presented in Fig. 2h. The
perature decreases faster in the upper canopy region arRfofiles ofg, are different from those af;,. In weakly stable
slower in the forest floor (Fig. 2d). The temperature gradi- conditionsg;, on average shows little sensitivity with height
ents are the largest in the top layer with a mean of 0.32km in the upper canopy but increases from about two to six with
and decrease with depth. They are close to zero at aboanN0Py depth increasing. However, in strongly stable con-
the middle layer and then increase with depth until the low-ditions, the meaw, is 43 at the top level, the largest in the
est layer where they are 0.13Krhon average (Fig. 2e). proﬁle, and (_jecreases almost linearly wnh depth untit iy .
This suggests that the crown functions as a lid and limitsi? the layer just above the understory, with a value of 0.6 in
the exchange of above-crown warmer air and below-crowrthe understor){. In moderate stratification, larger variances of
colder air. There are thus several simultaneous distinct ther¢» are noted in the lowest two layers, a result of the very
mal stratification regimes in the crown, trunk, and understorySmall values of covariance’¢; in those layers.
layers.

The profiles of covariance of vertical velocity and po- 3.2 Relationship of the local stability parameterz/L(z)
tential temperaturé, normalized with wind and temperature and Ri to the stability parameter h/L(h)
scalest, and|0,| at tree top, are plotted in Fig. 2f, where the
absolute value of, is used to maintain the sign of the local It has been shown in Sect. 3.1 that thermal stratification ex-
covariancav’d’. In stable conditions, the normalized covari- ists within the forest canopy and that it is modulated by atmo-
ance is negative in the upper layer of the crown, which indi- spheric stability conditions present above the canopy. There-
cates downward heat transfer, the same direction as the tenfiere, the atmospheric stability value determined above or at
perature gradients in Fig. 2e. On average, it changes rapidlyree top may not be the best parameter to describe in-canopy
from —1 at the tree top te-0.12, 0.043, and 0.51 at the bot- stability. In Fig. 3, local atmospheric stability parameters,
tom of the crown for the weakly, moderately, and strongly i.e., mean locat/L(z)and local bulk Richardson numbRi,
stable atmospheric conditions, reflecting the rapid decreasm the top, middle and low canopy layers are compared with
in downward heat transfer in the crown. At mid-canopy andthe atmospheric stabiliti/L(h) at tree top, as the latter has
deeper inside the canopy, the mean normalized covarianceften been used to study the influence of atmospheric stabil-
changes little with height for weakly and moderately stableity on in-canopy turbulence and transport properties.

3.1.2 Potential temperature gradient and heat flux

www.biogeosciences.net/7/3625/2010/ Biogeosciences, 7, 36362010
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o Posiive mean z1L(2 o PosiiveRi stable conditions is usually greater than predicted fzdniby
S R Monin-Obukhov similarity theory (i.e., the asymptote of 0.2
S RIEZILO 744 TZIL(1+4 T2 in Rifor z/L> 1; Businger et al., 1971). This finding is con-
, (Businger etal. 1971) sistent with our results in the top layer of the canopy where
10012 107350451 N winds are usually much smaller than above the canopy.
_ ;29-09:1 L At approximately mid-canopy (0.59-0.48h) and in the
§ o', lower layer (0.21-0.08h) (Fig. 3b, c, e, and f), negative
N z values of local stability parameters indicating local unsta-
é 10" ble conditions are often observed, especially when the at-
= (2) 1.0-0.89 h § (d) 1.0-0.89 h mosphere at tree top is very stable as indicatedtayh).
107 g 4 (7 e e Whenh/L(h)> 0.2, negative values of mean lo@l (z)oc-
10 107 10" 10° 10" 10 10° 107 10" 10° 10" 10 X
10 hiL(h) hiL(h) curs more frequently. Almost all cases are of negative values
Z;gfﬁf L 10° KD of mean locak/L(z)in the middle layer wheh/L(h)> 1 and
= 10'{R=0267 2 i in the low layer wherh/L(h)> 10 (Fig. 3b and c). Nega-
J : _ 10 tive values of mean loca/L(z)in the middle and low layers
< 4o © reflect the positive covarianae’d’ or upward heat transport
; .
g 10 Rt (Fig. 2f). The absolute values of the mean laal(z)tend to
B 10 (b) 0.59-0.48 h = (e) 0.59-0.48 h increase with stabilityh/L(h) in all layers on log-log scales,
10102 10" 10° 10" 102 107 107 107 10° 10" 10° but are more scattered with depth inside the canopy (Fig. 3b
3
10 ae1121 ILb) hiLin) and c). : . :
1p=0.163 . 10° o e ° The local bulk Richardson numb&i in the middle and
= " ‘ low layers versub/L(h)is widely scattered with a large range
% s K of Rivalues, especially whemL(h)> 0.1, although thereis a
5 RIS * trend thaiRiincreases with/L(h) whenh/L(h) < 0.1 and de-
£ LT creases with/L(h)whenh/L(h)> 0.1 (Fig. 3e and f). There-
10° e (€).021:0.08 0 ] (70.21-008h fore, the two local stability parameters in the middle and low
10° 10% 10™ 10" 10" 10° 107107 10" 10” 10" 10 layers are independent of the stability paramétti(h) at
hiL(h) hiL(h) tree top in stable atmospheric conditions. The latter cannot

represent the local stability within the forest except in the
Fig. 3. Comparison of local stability parameters, i.e., mean local upper layer of the crown.
z/L(z)and local Richardson numbgi in the top (1.0—0.89 h), mid-
dle (0.59-0.48 h) and low (0.21-0.08 h) layers, with the atmospheric3.3  Local flux-profile relationship for wind speed in the

stability parameteh/L(h) at tree top. The dotted curve {d) is the canopy layer
predictedRi from h/L(h) (replacingz/L) with the formula given by
Businger et al. (1971). Local flux-profile relationships for wind speed,() within

the canopy versus different atmospheric stability parameters
are compared in Fig. 4. To be concise, only the data in the top
(1.0-0.89 h), middle (0.59-0.48 h) and low (0.21-0.08 h) lay-

The two local stability parameters in the top layer (1.0— ’
ers are shown, corresponding to the layers of crown, trunk,

0.89 h) have a good linear relationship with the stability pa-

rameterh/L(h) at the tree top on log-log scales, although lo- @1d understory, respectively. WitiiL(h) at tree top as the
cal Richardson numbaiis more scattered with reference to Stability parameter,, in the top layer increases linearly with

h/L(h)than the mean localL(z)(Fig. 3aand d). The locati  VL(h) whenh/L(h) <1, which is shown a8, first changes
in the top layer linearly increases wittiL (h), without a hori- little (about 3) wherh/L(h)< 0.1 and then increases fast on

zontal asymptote predicted by Businger et al. (1971) (thougH©9-109 scales (Fig. 4a). WhewL(h)> 1, ¢, is so scattered
it was originally forz/L < 1) as shown in Fig. 3d. This is that their relationship is less obvious. The variation of local

different from that above canopy (or over the ground). Pre-$m in the top layer withh/L(h) is quite similar to the rela-

vious studies have shown that the gradient Richardson numionships betwees,, andz/L over 25-cm tall senescent grass

berRi tends toward a constant (about 0.2) corresponding tdfowell and Sun, 1999), over snow and ice (Grachev et al.,
large values of local stability parametst (> 1, up to 100) 2005, 2007) and over the ground (Yaget al., 2006), except
at 5.8m above the Northern Spanish Plateau (¥agt al., that, Wh_enz/Lls close t_o zerogp,, is close to 1 in their results
2006) and over snow and ice surface (Grachev et al., 2007)°°mMparing to about 3 in our results.

In the layer of 1.4—-1.0 h in our data set, lo&ilalso asymp-

totically tends to about 1.0 (higher than 0.2) whéh(h) > 1

(data not shown). Ha et al. (2007) indicated, with CASES-99

data, that the gradient Richardson numBéein weak wind,
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Positive ¢, with posifve zILz) o Positive §, with positive Ri
Negative ¢, with positive 2/L(z) A Negative ¢ with positive Ri
Posttive ¢, with negative 2/L(z) Positive  with negative Ri

o
o Positive ¢, with positive hiL(h)
4 Negative ¢, with positive hiL(h)

Table 2. The simulated power functiofp,,| = a|Ri|? with lo-

% Negative 4 with negative z/L(z) % Negative ¢, with negative Ri

—— I, |=a*[Ri", for|Ril>1

cal |Ri| >1 in different layers within the canopy during nighttime,
whereg;, is the local flux-profile relationship of wind speerli is
the local bulk Richardson number, am@ndb are coefficients.

(a) 1.0-0.89 h (d) 1.0-0.89 h (9) 1.0-0.89 h
10' 10' S . ﬁ iy zh N a b R2
Qg&g% % R'=0.744
= ” S 1.0-089 68 17.98 —0.443 0.744
0.89-0.59 149 3.505 -0.41 0.820
* 0.59-0.48 137 1.829 —-0.474 0.700
10 e A0 e 0 e 0.48-0.21 165 0.881 —0.431 0.798
. o' " 0.21-0.08 162 0.683 —0.448 0.658
(b) 0.59-0.48 h (e) 0.59-0.48 h
. 5 é}i{;’:}; 5 z/h, relative height of the layers, with as the canopy heighty, the number of data
10 107+ %%g:«“u*i‘ - points with local|Ri| >1; « andb, coefficients of the simulated function; ai#, the
— : S“ ‘?*‘ . coefficient of determination.
= 4o 107 V; : 10"
} 3 3 With the local bulk Richardson numbéti as the local
T T T A P I TSI stability parameter, wheRi < 1, local,, increases linearly
021008 h yvith Riin the top Iayer'(Fig.' 4g),.simila'r to With/l._(h). The
o of of increase of locatp,, with Ri vanlsh_es in the_ n_nddle layer
and local¢,, does not change obviously witRi when lo-
— . : o ca_l IRi| <1 (Fig. 4h). There are only a f.ew cases with local
= ool |IRi| <1 observed deep in the canopy (Fig. 4i).
] ] o ] When local|Ri| >1, local|¢,,| decreases rapidly first and
o - o o then slowly with the increase in loc#Ri|, which is shown
10° 107 100 0% 10% 40" 10" 107 10% 107 10" 10° on log-log scales as linear decrease of lggg)| with in-
h/L(h) Imean z/L(2)| IRil crease of localRi, with a similar slope in all layers within

the canopy (Fig. 4g—i). Locad,,| also decreases with depth
Fig. 4. Comparison of the relationship of the local similarity func- i the canopy for the same lociRil. The relationship be-
tion of wind ¢,,, with different atmospheric stability parameters, i.e., tween locali, | and local|Ri| with |Ri| >1 in different lay-

hiL(h)attree top, mean locall.(z) and local bulk Richardson num- ers within the canopy can be described with a power function
berRi in the top (1.0-0.89h), middle (0.59-0.48 ) and low (0.21- - TP Py P

0.08h) layers. The lines ifg—i) are the simulated relationships
between¢,,| and|Ri| for |Ri| >1 on log-log scales. || :a|Ri|b,for|Ri| ~1, )
In the middle and low layers of the forest canopy (Fig. 4b wherea andb are coefficients of the power function. The
and c), ¢, values are far more scattered than those in thecoefficienta is the value of local¢,,| when locallRi| = 1. It
crown, with no obvious relationship with/L(h). Negative decreases with depth rapidly in the crown and then slowly in
¢ occurs especially in the middle layer whiefi.(h)> 0.2— the lower layers, which can be described as an exponential
0.3, due to a negative wind speed gradient. Our results shodnction of layer heighg/h
that the relationship between the non-dimensional shear and _ 2 2
h/L(h) agrees better with the Monin-Obukhov stability func- “ EXP(45738 (2/)"-0.9491 (2/)-0.3199, R°=09922  (8)
tion in the crown than in the lower levels. This is consistent The coefficient of poweb is the slope with which local
with the results in pine and aspen forests reported by Leeg,,| linearly decreases with locgRi| on log-log scales when
and Mahrt (2005), though there were no negative values ofRi| >1 (Fig. 4g—i). The slope is in the range e0.41 to
¢ included in their paper. —0.47, averaged as0.4440.023, for all layers (Table 2).
Using the mean local/L (z)as the local stability parameter This value is close te-0.5 that is the power oRi when
does not improve the flux-gradient relationshipggfwithin expressing locap,, as a function of locaRi by combining
the canopy (Fig. 4d—f), comparing to the relationship be-Egs. (1) and (4). The coefficiemtis not exactly equal to
tweeng,, andh/L(h). In the top layer, the relationship be- —0.5, which is because the other factors in the expression
tweeng,, and the mean locat/L(z)is very similar to that (e.g.u, and difference in temperature) are also relateRito
betweeny,, andh/L(h). In the middle and low layers, there  Yague et al. (2006) showed the dependence,pfon the
is no obvious relationship between logs), and mean lo-  gradient Richardson numb®&i in stable conditions (up to
cal z/L(z)either, though there are two more combinations of Ri=10) at different heights above the ground. The relation-
positive/negative locap,, and negative mean locallL(z) ship betweeny,, andRi they reported is similar to ours in
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Fig. 4g for the top layer of the canopy, except that in their re- o Posveq wihpestie LI o Pt  ihpesie ) o pustie it posie I
sults¢,, is about 1 to 2 wheRi < 0.02 and arrives the max- " ot U nee ) L ot i e R
imum values aRi=0.3. Mahrt (2008) also presented the de- e e X e, i negate
pendence of,, on Riin stable conditions witfRi up to 16
above the ground. In his results, the relationship between
¢m andRi is similar to ours in the top layer (Fig. 4g) and 10’
above the forest (data not shown) whein< 1, butg,, shows
little relation toRi whenRi > 1, which is different from our
results. Grachev et al. (2007) showed similar relationship be-
tweeng,, andRi but only forRi < 1. In our resultsg,, above

the forest (1.4-1.0 h) is more similar to Yaget al. (2006)
and also arrives the maximum valuesRit= 0.3, but tends : .
to 2—3 whenRi < 0.02 (not shown). Within the canopy, lo- c o N

10% , - 10°

I,

(a)1.0-0.89 h (d) 1.0-0.89h (9)1.0-0.89 h
10° 10" 10" 10° 10° 10" 10" 10° 10° 10" 10" 10°

cal ¢,, keeps constant (about 3) for locRi < 0.02 in the 10’ o’ 0’
top layer and for locaRi < 0.1 in the middle layer. Previous = 8
studies also show constagi, (about 1) forRi< 0.02 over T VAT g T .
the ground (Yage et al., 2006; Grachev et al., 2007; Mahrt, (b) 0.59-0.45 (e) 0.59-0.48"h (h) 0.59-0°48
2008). 100 10" 10" 10 10° 10" 10" 10° 10° 10" 10 10°
10° 10° 10°

3.4 Local flux-profile relationship of temperature inside M

the canopy . i % o
Local flux-profile relationship for temperaturg;() is plotted = 1 P .
against different atmospheric stability parameters through- 10" M";;?; oo . AT JEID
out the canopy in Fig. 5. In the top layer of 1.0-0.89 h, the ()021-008F (7021008 h () 021008 h
relationship betweem, and the stability parametéwL(h), 107 10" 10" 10° 10° 107 10" 10° 10° 10" 10" 10°
local z/L(z) or localRi is similar to each other. On log-log h/L(h) |mean z/L(z)| |Ri]

scale plots¢;, changes little with stability whelh/L(h) < 0.1,
meanz/L(z)< 0.1, or Ri<0.02, but increases with stabil- Fig. 5. Comparison of the relationship of the local similarity func-
ity whenh/L(h)> 0.1, meare/L(z)> 0.1, orRi> 0.02, with tion of temperaturey;, with different atmospheric stability param-
more scattered, in strongly stable conditions (Fig. 5a, d, eters,h/L(_h)_ at tree top, mean Ioca?J/I__(z) and local Richardson
and g).¢, decreases with/L(h) and mean locat/L(z)when numberRi, in the top (1.0-0.89 h), middle (0.59-0.48 h) and low
they are larger than 10 (Fig. 5a and d), but seems independef-21-0-08h) layers.
to RiwhenRi> 1 (Fig. 59).

Tﬁeselre.sultsh.m the top Iaz:er of th? calnopy t?lr'e Slmllarto Ri=1 and seems to be independentRifwhen Ri> 1
to the re/itmns 'R ofpy, to sur :7ce (orfoca)bsté ”t)é pa- (Fig. 5h and i). This result is similar to that of Yag et
rameterz/L (or z/A) over snowfice surface by Grachev gt al. (2006). They showed that, at different heights above the
al. (2005) and ?t the level of 5.8 m over the Northe_rn Span'Shground,dah increases witlRi whenRi < 0.3 and then does not
Plateau b_y Yage et al. (2006), and"to the bulk Richardson change significantly witlRi whenRi> 0.3. When localp,
numberRi (Grachev et al., 2007; Yag et al., 2006). How-
ever. Grachev et al (200"7) aIso’ re?a%rted t.j;yatends. 10 be and Ri have opposite signs, either positiRé and negative

’ ) ; . red triangles in Fig. 5h and i) or negati® and posi-

a constant for locat/L > 10 when data with temperature dif- o ( 'angies In Fig ) gat post

. tive ¢, (green pluses in Fig. 5h and i), the points are much
\fsgfgfﬁn?gggeen the air and the snow surface less tha@ 0.5 1,56 scattered. These points correspond to either the combi-

nation of positive potential temperature gradient and upward
In the middle and deeper layers in the canopy, ldga| P P P g P

. . . heat flux or the combination of negative potential tempera-
increases wittn/L(h) whenh/L(h) < 0.5, and decreases with

X X ture gradient and downward heat flux, i.e., counter-gradient
h/L(h) whenh/L(h)> 0.5 (Fig. 5b and c). With mean local g, a5 often seen in strongly stable conditions (Fig. 2e and

z/L(z) as the atmospheric stability parameter, the observeq) "hjs result suggests that the presence of counter-gradient

magnitude of the mean IOCBAL_(Z)iS usually !arger than 0.1, jnsige the canopy layer found in strongly stable conditions in
and the local¢;| decreases with the magnitude of the meany, present study eliminates the otherwise valid Iggand

local z/L(z)(Fig. 5e and f). Ri relationships.
With Ri as local stability parameter, when both logal

andRi are positive (blue circles in Fig. 5h and i) (i.e., both
turbulent heat flux and temperature gradient are in downward
direction), ¢y, still has a trend thad;, increases withRi up
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Table 3. Self-correlation analysis between the local flux-profile relationship of wind sgggdand local bulk Richardson numbéi, in
forest canopy, for a linear relation witRi| <1, a power function withRi| >1, and these segment functions for the entire data set.

Linear Function, fofRi| <1

z/h
Norig Rorig Nrand Rrand R(z,rig - erand
1.0-0.89 153 0.735 1587 —0.139+0.070 0.521
0.59-0.48 85 —-0.097 917 —0.2261+0.098 —0.042
0.21-0.08 4 - 164 —-0.176+0.253 -
2l Power Function, fotRi| >1
. 2 2 2 2
Norig Rorig Nrand Riand Rorig — Rand
1.0-0.89 68 0.744 687 0.32+0.117 0.424
0.59-0.48 137 0.700 137 0.603+0.057 0.098
0.21-0.08 162 0.658 1504 0.6264+0.056 0.032
2lh Segment functions, for alRi|
. 2 2 2 2
Norig Rorig Nrand Riand Rorig — Rand
1.0-0.89 221 0.494 221 .D17+0.031 0.377
0.59-0.48 222 0.381 222 .364+0.047 0.017
0.21-0.08 166 0.286 166  .3D8+0.069 —0.022

z/h, relative height of the layers, withas the canopy height, the number of data point®, correlation coefficientRz, the coefficient of determination; subscript orig, for original
data set; and subscript rand, for the average of 1000 trials of randomized data set.

3.5 Self-correlation The results of the self-correlation betwegp andRi are
listed in Table 3. It can be seen that, in the top layer (1.0—
We have seen from Sect. 3.3 that, in the original dat¢,of  0.89h), the linear correlation coefficienkY of the linear
and Ri, their relationship is linear fofRi| <1 and power-  function with local|Ri| <1, the coefficient of determination
functional for |Ri| >1. One way to estimate the degree of (gr2) for the power function with localRi| >1, and R? for
self-correlation consists in first Separating the original datathe segment functions for all locHli of the origina| data set
into two groups with|Ri| <1 and with|Ri| >1 and then in  are 0.735, 0.744, and 0.494, respectively. They are much
separately examining the self-correlation test for each grouplarger than the corresponding values-e9.139, 0.32, and
Correlating all the new points of one group together seems).117 for random-created data set. This supports the idea
to eliminate the original relationship, because the randomiythat the original relationships betwegp andRi in the top
createcRi values may change from one range to another andayer nighttime stable conditions have, at least partly, a phys-
follow different relationships betweef),, andRi. This will ical meaning.
decrease the self-correlation and lead to pOSSibIe misinter- However, in the |ayers deeper inside the canopy, the origi-
pretation. On the other hand, if truncating this new categorynal data set either shows,, | not changing withRi| for local
of points for|Ri| < 1 (or [Ri| > 1), the analysis is no longer |Rij| <1 in the middle layer (0.59—0.48 h), or only contains a
truly random (Klipp and Mahrt, 2004). few points with|Ri| <1 in the low layer (0.21-0.08 h). For lo-
Therefore, an alternate method is used to estimate the seltg| |Rj| > 1, the coefficients of determination of the random-
correlation as below. Each variable used to calcufgt@nd  jzed data are 0.603 and 0.626 in the middle and low layers,
Ri is picked at random from the pool of the entire origi- very close to those (0.7 and 0.658) of original data set. Their
nal data set and new,, andRi are calculated. The self- (difference is 0.098 in the middle layer and 0.032 in the low
correlation with|Ri| <1 (or with|Ri| >1) is estimated by cal-  |ayer, much smaller than that in the top layer (0.424). This
culating the linear correlation coefficient between ngyw  indicates large self-correlation for locgRi| >1 in the two
andRi for new |Ri| <1 (or by calculating the coefficient of |ayers. A large self-correlation between logg),| and local
determination of the nonlinear relation between ggwand  |Rj| also exists in the two layers when the entire data set is
Rifor new|Ri| >1). The coefficient of determination for all - taken into account (Table 3).
Ri iS aISO Calculated W|th Segment functions (i.e., |ineal’ fUnC- A sim”ar procedure iS app“ed to |dent|fy the degree Of
tion for new|Ri| <1 and nonlinear function for neyRi| >1)  self-correlation between the local flux-profile relationship for
to determine the self-correlation for &i. temperatured;) and the local bulk Richardson numbei:
Becauseay, linearly increases witRi for |Ri| <1 and tends to
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Table 4. Self-correlation analysis between the local flux-profile relationship of temperatgrend local bulk Richardson numbéi, in
forest canopy, for linear relation witliRi] <1 and|Ri| <0.4.

Linear Function, forRi| <1

z/h

Norig Rorig Nrand Rrand sz,rig - erand
1.0-0.89 153 0.374 1587 0.280+0.083 0.061
0.59-0.48 85 0.017 7 0.146+0.104 —-0.021
0.21-0.08 4 - 164 0.201+0.260 -

2Ih Linear Function, fofRi| <0.4
Norig Rorig Nrand Rrand sz,rig - erand
1.0-0.89 115 0.549 1697 0.283+0.092 0.221
0.59-0.48 43 0.374 586 0.181+0.127 0.107
0.21-0.08 1 - &3 - -

z/h, relative height of the layers, withas the canopy height, the number of data point®, correlation coefficientRz, the coefficient of determination; subscript orig, for original
data set; and subscript rand, for the average of 1000 trials of randomized data set.

be independent dRi for |Ri| >1 of the original data set near ents ¢, and¢,) and the local bulk Richadson numb@&i)
tree top (Sect. 3.4), we focus on the results of self-correlatiorwithin the canopy. The results show that, in the top layer
test with smal|Ri| listed in Table 4. of the canopy, the relationships (i.e,, linearly increasing
For local |Ri| <1 just below tree top, the self-correlation With Rifor Ri<1 and decreasing witRi in a power func-
coefficient is 0.28, a value comparable to the linear correlation for Ri>1 and¢; increasing withRi for Ri<0.4) are
tion coefficient (0.374) of the original data set wjti| <1, not totally caused by self-correlation and thus are physically
leading to small difference iR? (Table 4). The small corre- meaningful.
lation coefficient of the original data witfRi| <1 is caused
by the largep; values of several points witRi between 0.5
to 1.0 (Fig. 5g). When considerinRi| <0.4, the correlation 4 Summary and conclusions
coefficient of original data is raised to 0.549 while the self-
correlation coefficient keeps in the same level of 0.28. ThisThe relationships of non-dimensional wind and temperature
makes the difference iR? go up to 0.221 (Table 4), indicat- gradients ¢,, and ¢,) with different atmospheric stability
ing the physical meaning of the linear relation betweggn parameters, i.eh/L(h) at tree top, mean localL(z) and lo-
andRi for smallRi in the top layer. It can also be seen from cal bulk Richardson numbdRi, within a tall forest canopy
Table 4 that forfRi| <0.4 in the middle layer, the linear corre- have been compared each other in stable atmospheric condi-
lation coefficient for local¢y| and|Ri| is 0.374, larger than tions.
self-correlation coefficient of 0.181. This indicates that the The profiles of variables used in the calculationggf,
relationship betweer, andRi cannot be totally explained ¢, and stability parameters suggest that, in strongly stable
by self-correlation. conditions, thermal stratification is generally present in the
Klipp and Mahrt (2004) showed that the gradient Richard- crown, trunks, and understory of the canopy. As expected,
son numbeRi has less self-correlation with flux-profile re- the accompanying velocity gradient is often small in the
lationships for wind speed,, than the stability parame- lower half canopy. In strongly stratified conditions, reverse
ter z/L, where they used a different definition ¢f, (= velocity gradients often occur in the mid-canopy region with
(kL /u)(3dU /dz)), in which the local Obukhov lengthZ” an accompanying upward transport of momentum observed
was used to replacez® in Eq. (4). Mahrt (2007) exam- in the lower canopy. During these periods, the presence of
ined the self-correlation between non-dimensional gradientsounter-gradient turbulent heat fluxes both in the middle and
(¢ and¢y,) and different stability parameters/( and Ri) low canopy regions is also a frequent occurrence.
in stable conditions witlz/L < 1 or Ri < 0.25, above a grass When the stability parameten/L(h), the local |mean
surface. In that range of stability, their results support thez/L(z), or the localRi| is less than 1|¢,,| increases linearly
presence of a physical relationship betwggnandRiand  with them in the top layer (1-0.89 h), but not in deeper layers
betweeng; andz/L, but not between the other two combi- in the canopy. When the magnitude of the three stability pa-
nations of variables#,, andz/L, ¢, andRi). We examined rameters is larger than lg,,| has no clear relationship with
the self-correlation between the local non-dimensional gradi-h/L(h) and the localmeanz/L(z), but decreases witfRi| in
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a power function and exhibits a general behavior throughout atmospheric boundary layer, Bound.-Lay. Meteorol., 124, 315—

the forest. Therefore, locdl, has the best relationship with 333, 2007.

the local Richardson numb@i. Ha, K.-J., Hyun, Y.-K., Oh, H.-M., Kim, K.-E., and Mahrt, L.: Eval-
The localg, in the top layer increases linearly with the uation of boundary layer similarity theory for stable conditions

two parameterb/L(h) and localmearz/L(z) when these are " CASES-99, Mon. Weather Rev., 135, 3474-3483, 2007.

Harman, I. N. and Finnigan, J. J.: A simple unified theory for flow

smaller than 1. When the local downward turbulent heat flux' ™.

. . . . o in the canopy and roughness sublayer, Bound.-Lay. Meteorol.,

is consistent with the local temperature gradient in different 123. 339-363. 2007

layers of the canopy, the locg), increases with the loc&®i  y5g5t6m, U.: Non-dimensional wind and temperature profiles in

for Ri<1and doeS.HOt change wiRi for Ri> 1_- H_OweVera the atmospheric surface layer: a re-evaluation, Bound.-Lay. Me-

when counter-gradient heat transfer occurs inside a deeply teorol., 42, 55-78, 1988.

stratified canopy, the relationship between the l@gabnd Hogstbm, U.: Review of some basic characteristics of the atmo-

Ridisappears. spheric surface layer, Bound.-Lay. Meteorol., 78, 215-246, 1996.
The self-correlation analysis used here supports that thélgistrup, J.. A statistical data screening procedure, Meas. Sci.
relationships betweeg,, andRi (i.e., ¢,, linearly increasing Technol., 4, 153-157, 1993.

with Ri for Ri < 1 and decreasing witRi in a power function Howell, J. F. and Sun, J.: Surface-layer fluxes in stable conditions,
for Ri> 1) and betweer;, andRi (i.e., ¢, increasing with Bound.-Lay. Meteorol., 90, 495-520, 1999.

. . . . . . Jacobs, A. F. G., van Boxel, J. H., and Shaw, R. H.: The dependence
with Rifor Ri < 0.'4) at the tqp layer during nighttime are at of canopy layer turbulence on within-canopy thermal stratifica-
least partly physically meaningful.

tion, Agr. Forest Meteorol., 112, 247-256, 1992.
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