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Abstract. The spatial variability of turbulent flow statistics in the roughness sublayer (RSL) of a
uniform even-aged 14 m (=h) tall loblolly pine forest was investigated experimentally. Using seven
existing walkup towers at this stand, high frequency velocity, temperature, water vapour and carbon
dioxide concentrations were measured at 15.5 m above the ground surface from October 6 to 10 in
1997. These seven towers were separated by at least 100 m from each other. The objective of this
study was to examine whether single tower turbulence statistics measurements represent the flow
properties of RSL turbulence above a uniform even-aged managed loblolly pine forest as a best-case
scenario for natural forested ecosystems. From the intensive space-time series measurements, it was
demonstrated that standard deviations of longitudinal and vertical velocities (σu, σw) and temper-
ature (σT ) are more planar homogeneous than their vertical flux of momentum (u2∗) and sensible
heat (H ) counterparts. Also, the measuredH is more horizontally homogeneous when compared to
fluxes of other scalar entities such as CO2 and water vapour. While the spatial variability in fluxes
was significant (>15%), this unique data set confirmed that single tower measurements represent the
‘canonical’ structure of single-point RSL turbulence statistics, especially flux-variance relationships.
Implications to extending the ‘moving-equilibrium’ hypothesis for RSL flows are discussed. The
spatial variability in all RSL flow variables was not constant in time and varied strongly with spatially
averaged friction velocityu∗, especially whenu∗ was small. It is shown that flow properties derived
from two-point temporal statistics such as correlation functions are more sensitive to local variability
in leaf area density when compared to single point flow statistics. Specifically, that the local relation-
ship between the reciprocal of the vertical velocity integral time scale (Iw) and the arrival frequency
of organized structures (ū/h) predicted from a mixing-layer theory exhibited dependence on the
local leaf area index. The broader implications of these findings to the measurement and modelling
of RSL flows are also discussed.

Keywords: Canopy turbulence, Moving equilibrium hypothesis, Planar homogeneity, Roughness
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1. Introduction

Long-term monitoring of carbon dioxide (CO2) and water vapour fluxes above
a wide range of ecosystems has recently received much attention worldwide
with the establishment of measurement networks in Europe and North America
(Kaiser, 1998). There is particular interest in monitoring fluxes above tall forested
ecosystems because of the magnitude of their mass and energy exchange with the
atmosphere (Wofsy et al., 1993). Above tall forests, long-term carbon dioxide (Fc),
water vapour (LE), and sensible heat fluxes (H) are commonly measured using
eddy covariance methods within the so-called roughness sublayer (hereafter re-
ferred to as RSL). The RSL is loosely defined as that layer within the atmospheric
boundary layer (ABL) that is dynamically influenced by length scales associated
with the roughness elements and is situated below the inertial sublayer (in which
logarithmic profiles exist for mean velocity and other mean scalar concentration
entities for neutral conditions). The RSL typically ranges from the mean canopy
heighth to 2–5h (Raupach and Thom, 1981). The structure of turbulence within the
RSL is complicated by its neighbourhood to quasi-random distribution of air spaces
embedded in three-dimensional arrays of sources and sinks of momentum and
scalar entities (Kaimal and Finnigan, 1994). Despite this complexity, the statistical
description of turbulence within the RSL is commonly assumed one-dimensional,
varying only in the vertical (z) direction (Kondo and Akashi, 1976; Wilson and
Shaw, 1977; Lewellen et al., 1980; Albini, 1981; Moritz, 1989; Raupach and Thom,
1981; Raupach and Shaw, 1982; Raupach, 1988; Raupach et al., 1991, 1996; Wil-
son, 1988, 1989; Amiro and Davis, 1988; Amiro, 1990; Baldocchi and Meyers,
1988).

Theoretical justification for a one-dimensional flow approximation is attributed
to horizontal averaging the time-averaged equations of motion for momentum
and scalar conservation (Wilson and Shaw, 1977; Raupach and Shaw, 1982).
Hence, flow statistics modelled from such equations represent horizontally aver-
aged quantities. Nonetheless, comparisons between model predictions and field
measurements are typically based on single tower experiments (Meyers and Paw
U, 1986; Wilson, 1988, 1989; Raupach, 1988; Katul et al., 1997a; Katul and Albert-
son, 1998; Katul and Chang, 1999) and not horizontally averaged flow statistics.
Whether single-point measurements above the canopy represent horizontally aver-
aged flow statistics or the ‘canonical’ dynamics of turbulent transport within the
RSL of tall forests has not been explored experimentally. This question also has
significance for understanding the extent to which a single eddy-covariance flux
monitoring system above forested canopies can be extrapolated to the scale of the
forest stand.

The objective of this study is to examine whether single-tower turbulence
statistics measurements represent the flow properties of RSL turbulence above
a uniform, even-aged forest as a best-case scenario for natural forested ecosys-
tems, many of which are not even-aged and are often populated by multiple



TURBULENT FLUXES IN THE ROUGHNESS SUBLAYER OF AN EVEN-AGED PINE FOREST3

dominant species. Specifically, the spatial variability of turbulence statistics, the
spatial homogeneity of scaled similarity relations, and the influence of local canopy
morphology on characteristic length/time scales are analyzed. These objectives
address whether single-tower measurements represent horizontally averaged flow
statistics, canonical similarity structure of turbulent transport, and the influence
of canopy morphology on basic characteristic length and time scales governing
vertical transport of mass, heat, and momentum. While few sites have an appro-
priate infrastructure for conducting an experiment to investigate these issues, the
seven towers (height = 15.5 m) within a 1000-m by 305-m pine stand (h = 14 m)
at Duke Forest offered such an opportunity. The towers were constructed for an
elevated CO2 experiment and are separated from each other by at least 100-m
horizontal distance. For a sequence of four days in October of 1997, high frequency
measurements of velocity, temperature, water vapour and carbon dioxide concen-
trations were simultaneously collected at the seven towers and spatial variability in
turbulent statistics was analyzed.

Before proceeding with the analysis, notations are first introduced. The stream-
wise, lateral and vertical coordinates arex, y, z, the instantaneous velocity
components along these three directions areu, v, andw, respectively, the instanta-
neous temperature, water vapour concentration, and carbon dioxide concentration
areT , q, andc respectively, overbar represents time averaging,〈.〉 represents planar
averaging, and single primes denote departures from time averaging withu′ = v′ =
w′ = T ′ = q ′ = c′ = 0, double primes denote departures from planar averaging, and

u∗(= −u′w′1/2) is the local friction velocity above the canopy. Since we focus on
measurements just above the canopy, the terms canopy sublayer (CSL) and rough-
ness sublayers are used interchangeably. Formally, the major distinction between
these two layers is that the roughness sublayer is defined just above roughness
elements (usually defined forz/h = 1 to 2–5) while the canopy sublayer includes
the roughness sublayer as well as the air volume inside vegetation (usually defined
for z/h = 0 ∼ 2–5). Other definitions decompose the CSL into multiple layers
depending on the processes that balance the production of turbulence (Finnigan,
1985).

2. Experiment

2.1. THE SITE

An experiment was conducted from October 6–10, 1997 at the Blackwood Division
of the Duke Forest near Durham, North Carolina (35◦98′ N, 79◦8′ W, elevation of
163 m). The site is a uniformly-aged managed loblolly pine forest that extends at
least 1000 m in the north-south direction and 300 m to 600 m in the east-west
direction. The stand, originally grown from seedlings planted at 2.4 m× 2.4 m
spacing in 1983 following clear cutting and burning, is approximately 14 m tall.
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Given the stand uniformity and the tree-to-tree spacing in relation to the canopy
height, the stand can be classified as extensive (i.e., the tree-to-tree spacing is an
order of magnitude smaller than the mean tree height). Six central walkup towers
at the Free Air CO2 Enrichment (FACE) Rings (see Ellsworth et al., 1995 for
description), which are part of an on-going Forest-Atmosphere Carbon Transfer
and Storage (FACTS) experiment, were used when the CO2 enrichment was shut
down for routine maintenance and repairs. Three of the six towers were in Rings
continuously exposed to 560 ppm elevated atmospheric CO2 during 1997, although
there were no significant long-term effects of elevated CO2 on leaf area or physi-
ological properties of the foliage other than photosynthetic enhancement as of the
time of this study (Ellsworth, 1999).

The walkup-tower and the mean canopy heights are 15.5 m and 14.0 m
(± 0.5 m) respectively. A seventh central walkup tower (tower height = 20.6 m) for
a prototype FACE Ring is also present in the same stand (see Katul et al., 1996a,
1997a,b). The seven FACE Rings and local topographic variations are shown in
Figure 1. From Figure 1, it is important to note that the separation distance be-
tween Rings is at least 100 m, and much of the local topographic variations are
small (< 5% slopes) so that their influence on turbulent transport can be neglected
(Kaimal and Finngan, 1994).

2.2. LEAF AREA DENSITY VARIATIONS

The leaf area density was measured one week prior to the experiment near each
measurement tower using aLICOR 2000canopy analyzer. Measurements were
made for a 180◦ view masking the central tower for two azimuthal directions
from the tower. Since the predominant wind directions were northerly, the northern
azimuth readings were used throughout in this study. The conversion of these mea-
surements to leaf area density is discussed in Katul et al. (1997a). The leaf area
index (LAI) at these seven locations varied from 2.65–4.56 m2 m−2 (coefficient
of variation = 18%). The measured leaf area density profiles for each tower site
are shown in Figure 2. For clarity, the cumulative leaf area density is displayed
such that at the canopy top the cumulative leaf area density of the stand becomes
identical to LAI. Implications of such LAI variations on turbulent statistics and
characteristic length and time scales is discussed in Section 3.3.

2.3. INSTRUMENTATION SETUP AND LOGGING

Seven research groups participated in the experiment with each group measuring
turbulent fluxes at the top of one of theFACE towers (see Figure 1 for tower
locations in thex–y plane). Each participating group assembled their own eddy
covariance system on October 4 and 5 (see Table I) and measurements from all
Rings (except Ring 2) commenced midday of October 6. The predominant wind
direction was from north to south. The measurements from Ring 2 were intermit-
tent and were primarily used in cross-comparisons of instruments. The sampling
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Figure 1.Site description, topographic variation, and relative Ring locations. For Rings 1 to 6, the
central walkup towers are 15.5 m tall. For the prototype ring (Ring 7), the walkup tower is 20.6 m
tall.
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Figure 2. The variation of measured cumulative leaf area density with height (from the ground
surface). Thex-axis is displayed such that at the canopy-top the cumulative leaf area density is
identical to LAI. The symbols are as follows: dot for Ring 1, triangle for Ring 2, square for Ring 3,
diamond for Ring 4,x for Ring 5, circle for Ring 6, and plus for Ring 7.
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frequencies for these systems ranged from 5 to 10 Hz and the averaging period
(Tp) was 30 min for all Rings. All raw signals from the seven logging devices
were stored for consistent post-processing; clocks from all logging devices were
synchronized just prior to the experiment on October 5.

2.4. VELOCITY AND AIR TEMPERATURE MEASUREMENTS

The three velocity components and air temperature fluctuations at each central
tower were measured by sonic anemometers positioned at 15.5 m (tower top) for
Rings 1 to 6, and at 18 m for Ring 7. The eddy-covariance system configurations of
different groups employed different sonic anemometers. A Campbell Scientific tri-
axial anemometer with a 14.1 cm-path length (hereafter referred to as CSAT3) was
used in Rings 1, 2, 5, and 7. An Applied Technology Inc. triaxial sonic anemometer
with a 15-cm path length (hereafter referred to as ATI) was used in Rings 2, 3, and
6. A Solent Gill anemometer with a 14.9-cm path length (hereafter referred to
as GILL) was used in Ring 4. In Ring 2, simultaneous ATI and CSAT3 velocity
and temperature measurements were available for only 1.7 days. Given differences
in sonic designs, we performed two cross-comparison experiments to assess how
much of the observed differences in turbulent statistics can be attributed to instru-
mentation differences. The first comparison was between an ATI co-located with
a CSAT3 at Ring 2 during October 6–8. The second was a comparison between
the two most different eddy-covariance system configurations (used in Rings 1
and 4) performed on October 12 and 13 at Ring 1. In the latter experiment, the
eddy-covariance system was moved from Ring 4 to Ring 1 and co-located with the
existing system in Ring 1. The latter experiment included comparisons between the
CSAT3 and the GILL as well as CO2 and water vapour fluxes (described next). A
summary of instrumentation used at each tower is presented in Table I.

2.5. CARBON DIOXIDE AND WATER VAPOUR CONCENTRATION

MEASUREMENTS

The carbon dioxide and water vapour concentration fluctuations were measured us-
ing a LICOR 6262 infrared gas analyzer (except in Ring 4 in which a LICOR 6250
was used in conjunction with a Campbell Scientific Krypton Hygrometer). De-
scription of flow rates and tubing diameters are presented in Table I. Additionally,
water vapour concentration fluctuation measurements by a Krypton hygrometer
were performed in conjunction with the LICOR 6262 measurements at Rings 1 and
7. A direct comparison between the Krypton hygrometer and LICOR 6262 mea-
surements of water vapour concentration fluctuations is also presented in Appendix
A. The raw data processing for all systems was identical and was performed using
the procedures described in Katul et al. (1997a,b) with scalar covariance computed
after maximizing the cross correlation between vertical velocity fluctuations and
scalar concentration fluctuations for each 30-min run. The processed velocity sta-
tistics and scalar flux time series for each Ring are shown in Figures 3a and 3b,
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TABLE I

Measuring instruments at the seven towers: CSAT3 = Campbell Scientific Instruments (CSI)
sonic anemometer, ATI = Applied Technology Inc, KH2O = CSI Krypton hygrometer, LICOR
= LICOR infrared gas analyzer, GILL = Gill sonic anemometer.

Ring # Investigator Sonic type Scalar measurement

1 G. Katul/C.I. Hsieh CSAT3 LICOR 6262, KH2O

Flow Rate = 7 L min−1

Tube Length/Diameter = 3 m/1/4′′
Sampling Frequency = 5 Hz

2 D. Anderson ATI/CSAT3 LICOR 6262

Flow Rate = 10 L min−1

Tube Length/Diameter = 5 m/1/4′′
Sampling Frequency = 10 Hz

3 D. Bowling/A. Turnipseed ATI LICOR 6251, KH2O

Flow Rate = 7 L min−1

Tube Length/Diameter = 5 m/1/4′′
Sampling Frequency = 10 Hz

4 K. Clark GILL LICOR 6262

Flow Rate = 6 L min−1

Tube Length/Diameter = 20 m/1/4′′
Sampling Frequency = 10 Hz

5 D. Hollinger/K. Tu CSAT3 LICOR 6262

Flow Rate = 5 L min−1

Tube Length/Diameter = 20 m/3/16′′
Sampling Frequency = 5 Hz

6 N. Shurpali/B. Orff ATI LICOR 6262

Flow Rate = 30 L min−1

Tube Length/Diameter = 30 m/1/2′′
Sampling Frequency = 10 Hz

7 J. D. Albertson CSAT3 LICOR 6262, KH2O

Flow Rate = 6 L min−1

Tube Length/Diameter = 5 m/1/8′′
Sampling Frequency = 10 Hz

respectively. The spatial variability in these time series measurements is used to
address the study objectives.
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3. Results and Discussion

To examine whether single-tower measurements of eddy-covariance turbulent
fluxes represent basic statistical properties of RSL turbulence, this section is di-
vided into three parts: spatial variability of turbulence statistics, homogeneity of
similarity relations, and the role of local canopy morphology on the characteristic
length/time scales. These three sections address whether single-tower measure-
ments represent horizontally averaged flow statistics, canonical similarity structure
of turbulent transport, and the influence of canopy morphology on characteristic
length and time scales governing vertical motion.

3.1. SPATIAL VARIABILITY OF FLOW STATISTICS

The coefficient of variation(CV (s)) is commonly used as a non-dimensional sta-
tistic to quantify the spatial variability of a flow variable(s) around its mean value
for a given time period. The spatial coefficient of variation is defined as

CV (s) =
√〈s̄′′2〉
〈s̄〉 , (1)

which is a dimensionless measure of the spatial dispersion of a flow variables

about its mean value. Based on time series in Figures 3a and 3b, the daytime (cho-

sen for runs withH > 30 W m−2) averagedCV (s) for σu =
√
u′u′, σw =

√
w′w′,

u∗, σT =
√
T ′T ′, H , LE, andFc are 0.11, 0.06, 0.16, 0.10, 0.17, 0.33, and 0.27,

respectively. From this analysis, it is clear thatσw is the most uniform RSL flow
variable. Based on the comparisons from the Appendix, differences between the
CSAT3 and the ATI sonic anemometer measuredσw was 4%, which is comparable
with the observed 6%CV from this experiment. Hence,σw variability in thex–y
plane can be neglected in a first-order analysis of RSL turbulence.

In terms of vertical fluxes,H andu∗ have large but comparable spatial variabil-
ity (∼17%) though this variability is not entirely spatial. It is important to note that
differences in CSAT3 and ATI-measuredu∗ were approximately 8% and account
for perhaps as much as 50% of the observed spatial variability. Nonetheless, the
near equality in theCV s betweenH andu∗ brings about important implications

on the spatial similarity in heat and momentum transport. Given thatu∗ =
√
−u′w′

(i.e., directly proportional to the square root of a second-order statistic) and sensible
heat is directly related to a second-order statistic suggests a spatial dissimilarity in
eddies responsible for the vertical transport of heat and momentum. Care should
be exercised when interpreting differences in momentum and scalar fluxCV s.
Lenschow and Kristensen (1985) and Ritter et al. (1990) suggest that errors in the
local momentum flux (u′w′) measurement for finite (∼30 min) averaging intervals
are about twice the errors in scalar fluxes. Such increased measurement errors
in u′w′ due to the finite sampling period may partially explain why theCV s in
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momentum flux are larger than sensible heat flux (vis-à-vis differences in transport
characteristics).

The mass fluxCV was much larger than the sensible heatCV , suggesting that
heat may appear more uniformly transported than water vapour or CO2. To interpret
differences between heat and mass transport, consider the relationship between
the turbulent flux above the canopy and local sources and sinks from the canopy
foliage. In a one-dimensional approximation,

w′s′(z=h) =
∫ h

0
Ss(z)dz+ w′s′(z=0)

wherew′s′ andSs are the local flux and source (or sink) density per unit depth
of a scalar entitys emitted or absorbed by the foliage. The sources (or sinks) of
water vapour (and CO2) from pine needles are controlled by both stomatal and
boundary-layer conductance, whereas the transport of heat is only controlled by
boundary-layer conductance. Additionally, the ground flux (w′s′(z=0)) contributes
significantly to the above-canopy CO2 and water vapour when compared to heat.
Hence, differences inCV betweenH andLEmay be interpreted through the added
stomatal regulation variability and ground flux differences.

Also, daytimeCV s for σu and σT are, for all practical purposes, identical
(∼10%). Much of the measuredCV in σu andσT cannot be attributed to instru-
mentation differences (maximum∼2%). Recall that the longitudinal velocity and
temperature spectra close to the canopy-atmosphere interface are strongly influ-
enced by inactive eddies (Katul et al., 1998). Inactive eddy motion is a larger-scale
(� h) quasi-horizontal eddy motion that does not contribute significantly to verti-
cal transport (Townsend, 1976; Katul et al., 1996b, 1998). Typically, inactive eddies
have a characteristic length scale comparable to the height of the atmospheric
boundary layer (≈1 km). Such a length scale is of the same order as the total length
of the pine forest stand. Hence, the near equality inσu andσT CV s suggests that
the same larger-scale eddy motion phenomenon governs the spatial variability of
these two flow variables.

What is also evident from Figures 3a and 3b is that theCV for a flow variable
s cannot be the same for all runs and varies with time. However, a limitation to
usingCV for all the runs in Figures 3a and 3b is that the CV is ill defined when
〈s̄〉 → 0 (e.g., for evening runs for scalar fluxes). To circumvent this limitation,
another relative spatial variation parameter (RV ) given by

RV (s) =
√〈s̄′′2〉

|〈s̄〉| +√〈s̄′′2〉 (2)

is proposed and used instead of the traditionalCV . Note thatRV has many desir-
able limits for our analysis sinceRV → 0 when〈s̄′′2〉1/2 → 0 (but for 〈s̄〉 6= 0),
RV → 1 when〈s̄〉 → 0, andRV is well bounded between [0, 1]. Hence, a flow
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Figure 3.(a) Time series variation ofσu, σw, andu∗ for Rings 1, 3, 4, 5, 6, and 7. The symbols are
identical to Figure 2. (b) Same as Figure 3a but forH , LE, andFc.
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variables with large spatial variability but small mean value yieldsRV close to
unity, and a flow variable that is planar homogeneous yields a smallRV . A flow
variable with a spatial mean comparable to its spatial standard deviation yields an
RV close to 0.5. Using theRV , we investigate how different turbulence conditions
influence the temporal changes of the spatial variability of all RSL turbulent flow
variables.

Near the canopy-atmosphere interface (z/h ∼ 1.0–1.2), the mechanical pro-
duction of turbulence (∝ 〈u∗〉3) is the largest contributor to the turbulent kinetic
energy (TKE) budget balancing the divergent vertical turbulent transport and vis-
cous dissipation terms. Of the three velocity variances defining the TKE (= 0.5
[σ 2
u + σ 2

v + σ 2
w]), the largest contributor isσu (indicated by slopes in Table II).

As demonstrated by Raupach et al. (1996) and Katul et al. (1998), the spectrum
of u′ at low frequencies is controlled by inactive eddy motion. For this stand, as
〈u∗〉 increases, the frequency of occurrence of inactive eddy motion (∼〈u∗〉/hb)
also increases, wherehb is the ABL height. Since inactive eddies close toz/h = 1
introduce a large horizontal length scale (characterized byhb), these eddies tend
to better aggregate (i.e., mix) local sources (or sinks) for scalars and momentum
in thex, y plane. Hence, it is expected thatRV decreases for increasing〈u∗〉 until
some limitingRV is attained that reflects inherent ‘forest-scale’ variability. The
latter variability exists at scales much larger than the characteristic length scale of
energetic eddies responsible for much of the vertical transport (∼h).

In Figures 4a and 4b, theRV for variances (σu, σw, σT ) and turbulent fluxes
(w′u′,w′T ′,w′q ′,w′c′) as a function of〈u∗〉3 is shown. Note that, for〈u∗〉3 smaller
that 0.02 m3 s−3 (or 〈u∗〉 0.27 m s−1), theRV rapidly increases with decreasing
〈u∗〉3. However, for〈u∗〉3 exceeding 0.02 m3 s−3 the RV for all variables ap-
proaches a near-constant minimum limit. While the above argument is a reasonable
hypothesis to explain the dependence ofRV on 〈u∗〉, an equally plausible hypoth-
esis is the dependence of sampling statistics onu∗. Higher values ofu∗ results in
more turbulent events passing through the sampling point which, in turn, leads to
a reduction in the standard error of estimate of the mean. Hence, the reduction of
RV with u∗ may be attributed to sampling errors vis-à-vis the turbulent transport
mechanisms.

3.2. HOMOGENEITY OF SIMILARITY RELATIONSHIPS

In the previous section, it was demonstrated that variances and fluxes do vary in
(x, y) within the RSL. However, this variation does not necessarily imply that
single-tower measurements do not scale locally in accordance with canonical sim-
ilarity structure of RSL turbulent transport. The small variation of both variances
and fluxes over such large distances (>100 m) suggests that RSL flows may be in
a state of ‘moving equilibrium’. The ‘moving equilibrium’ concept, first proposed
by Yaglom (1979) foru∗, states that ifu∗ varies slowly in thex, y plane (see e.g.,
Yaglom, 1979; Raupach et al., 1991), thenu∗ can be considered as a local velocity
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TABLE II

Regression analysis of turbulent velocity standard deviations (σu, σw)
as a function of friction velocity (u∗) for all Rings. The regression
model is of the form:σ = Au∗ + B. The coefficient of determination
(R2), the standard error of estimate (SEE), and the number of runs used
in the regression (N) are presented. The second line for each ring are
for regression forced through the origin (B = 0).

Variable Ring # SlopeA InterceptB R2 SEE N

σw 1 1.06 0.05 0.91 0.04 358

1.25 0.00 0.86 0.06

3 1.11 0.04 0.90 0.05 175

1.25 0.00 0.86 0.05

4 1.14 0.04 0.87 0.06 149

1.30 0.00 0.84 0.06

5 1.13 0.04 0.89 0.05 148

1.29 0.00 0.86 0.05

6 1.10 0.04 0.90 0.05 150

1.26 0.00 0.86 0.05

7 1.26 0.04 0.91 0.05 127

1.43 0.00 0.89 0.05

σu 1 1.83 0.15 0.87 0.10 358

2.40 0.00 0.71 0.14

3 1.82 0.09 0.88 0.09 175

2.19 0.00 0.82 0.11

4 1.97 0.11 0.86 0.10 149

2.41 0.00 0.79 0.13

5 1.98 0.10 0.88 0.09 148

2.40 0.00 0.81 0.12

6 1.81 0.12 0.86 0.09 150

2.26 0.00 0.77 0.12

7 1.96 0.13 0.86 0.10 127

2.50 0.00 0.75 0.13

scale independent of (x, y) for small perturbations in thex–y plane. That is, the
forest stand can be decomposed into planar homogeneous patches, with each patch
characterized by its ownh andu∗ as length and velocity scales.



TURBULENT FLUXES IN THE ROUGHNESS SUBLAYER OF AN EVEN-AGED PINE FOREST15

A direct consequence of the moving equilibrium assumption is that when local
flow variables are properly normalized by local length and velocity scales, their
variability in the (x, y) plane becomes insignificant. For example, in the RSL,

σu

u∗
= Au, σw

u∗
= Aw, σT

T∗
= AT (ξ)−1/3, (3)

for ξ > 0;

ξ = −z − d
L

.

In (3), T∗ is a temperature scale defined asT∗ = w′T ′/u∗ andL and d are the
Obukhov length and zero-plane displacement heights, respectively,Au, Aw, and
AT are similarity constants and must be independent of (x, y) by the moving equi-
librium hypothesis. Here, the zero-plane displacement was computed for each Ring
from the mean height of momentum absorption by the local leaf area density (see
Thom, 1971) and was found to vary from 0.59 to 0.65 h. The momentum absorption
was computed from modelledu′w′ profiles using the second-order closure model
described in Katul and Albertson (1998). Figure 5 presents measuredσu andσw
as a function of measuredu∗, and measuredT∗ as a function of measuredξ for all
the Rings. The lines in the figure are ‘best-fit’ to Raupach et al.’s (1996) data for
velocity, and ‘best-fit’ atmospheric surface-layer (ASL) data for temperature.

If single-tower measurements obey the RSL similarity structure, thenAu, Aw,
andAT cannot be dependent on position in the (x, y) space. For each Ring,Au,Aw,
andAT were computed and presented in Table II for momentum and in Table III
for heat. Due to differences in flow rate, tube length, and tube diameter within
the gas analyzer setup (see Table I), we did not perform a similar analysis forc

andq given the significant spectral contribution of high frequency events to the
overall scalar variances (see Section A.3 in Appendix A). Based on the regression
analysis of Tables II and III, we found that the spatially averagedAu = 1.90 (±
0.075),Aw = 1.14 (± 0.065), andAT = 1.12 (± 0.04). These velocity similarity
constants are in good agreement withAu = 1.8 andAw = 1.1 reported by Raupach
et al. (1996) for a laboratory RSL wind-tunnel experiment. In addition, Table III
demonstrates that measuredσT /T∗ exhibits a strong−1/3 power law (i.e.,ξ−1/3)
dependence for all Rings. That is, the−1/3 power-law also does not vary in the
x–y plane. The occurrence of a−1/3 power law is commonly associated with
‘free-convection’ withσT becoming independent ofu∗, but strongly dependent on
sensible heatH (Albertson et al., 1995; Hsieh and Katul, 1997). The measuredAT
is in close agreement with atmospheric surface-layer values (AT = 0.97) reported
by Albertson et al. (1995), Katul et al. (1995), and Hsieh et al. (1996). We also did
not find statistically significant differences between the individual RingAu, Aw,
andAT at the 95% confidence limits. The significance tests were referenced to
Ring 4 sinceAw andAu for Ring 4 are closest to the spatially averagedAu andAw
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Figure 5.The variation ofσu andσw with u∗ is shown for Rings 1, 3, 4, 5, 6, and 7 and all runs. The
solid lines are best-fit regressions (i.e.,Au = 1.8,Aw = 1.1) to measurements from Raupach et al.
(1996). The variation ofσT /T∗, with the stability parameterξ is shown for daytime conditions (i.e.,
H > 30 W m−2) only. The solid line isσT /T∗ = 1.0ξ−1/3. Symbols are the same as in Figure 2.
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TABLE III

Regression analysis of normalized temperature standard de-
viation (σT /T∗) as a function of the stability parameter
ξ = −(z − d)/L for all Rings and daytime conditions
(H > 30 W m−2). The regression model is of the form:
ln(σT /T∗) = A ln(ξ)+B. The coefficient of determination (R2)
and the standard error of estimate (SEE) along with the intercept
B are shown. The interceptB is used to calculate the similarity
constantAT of Equation (3) and is presented in brackets. In the
ASL,AT = 1.

Ring # n SlopeA InterceptB/(AT ) R2 SEE

1 50 −0.32 0.16 (1.18) 0.87 0.18

3 38 −0.33 0.10 (1.11) 0.89 0.13

4 46 −0.32 0.06 (1.06) 0.83 0.14

5 46 −0.33 0.17 (1.19) 0.81 0.21

6 46 −0.34 0.10 (1.11) 0.72 0.24

7 42 −0.34 0.09 (1.10) 0.90 0.15

for this stand. Finally, we note that the spatial coefficient of variation forAu, Aw,
andAT (4.0%, 5.8%, and 3.9%, respectively) are close to the reported magnitude of
instrumentation measurement differences forσw presented in Appendix A (∼4%).
Hence, the invariance ofAu, Aw, andAT in the x–y plane is consistent with the
‘moving equilibrium’ hypothesis.

3.3. CANOPY MORPHOLOGY AND INTEGRAL TIME SCALES

Estimating RSL characteristic length or time scales from single-point measure-
ments is commonly performed via the integral time scale (Iw) defined as

Iw =
∫ ∞

0
ρw(τ)ds;

(4)

ρw(τ) = w′(t + τ)w′(t)
σ 2
w

whereρw(τ) is the vertical velocity auto-correlation function, andτ is the time lag.
In practice, the integration ofρw(τ) is terminated at the first zero crossing as dis-
cussed in Katul et al. (1997a). In RSL turbulence,Iw represents the characteristic
time scale of ‘active’ eddies responsible for much of the scalar transport.

To derive similarity relationships forIw, we consider the mixing-layer analogy
of Raupach et al. (1996). Raupach et al. (1996) argued that vertical transport close
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to the canopy-atmosphere interface resembles a mixing layer rather than a bound-
ary layer because the canopy-atmosphere interface is a porous medium and cannot
impose the same severe constraint on fluid continuity (i.e., the no-slip boundary
condition) as an impervious boundary. A mixing layer is a boundary-free shear flow
formed in a region between two co-flowing fluid streams of different velocity but
the same density. The resemblance between canopy-atmosphere vertical transport
and a mixing layer is mainly attributed to the strong inflection point in the mean
velocity profile atz/h = 1. Such an inflection point in̄u(z) leads to the gener-
ation of two-dimensional Kelvin–Helmholtz (KH) instabilities with a streamwise
wavelength (3x).

Using the mixing-layer analogy of Raupach et al. (1996),Iw can be related to
the characteristic frequency of KH instabilities, after some algebraic manipulation,
using

1

Iw
= Am ū

h
(5)

whereAm ≈ 2.84 estimated by use for the ‘generic canopy’ data in Raupach et
al. (1996) withū defined atz/h = 1. Table IV presents the measuredAm for
each Ring obtained by regressing measuredI−1

w versus measured̄u/h shown in
Figure 6. We restricted the analysis in Table IV and Figure 6 toH > 30 W m−2 so
that daytime runs are included for each Ring. Uncertainty in computedIw as well
as the existence of factors other thanū/h that strongly influencesIw precluded
investigating (5) for evening runs (not shown in Figure 6).

From our measurements, the spatially averagedAm value of 2.18 (± 0.17) is
found to be lower than the value determined from Raupach et al.’s (1996) data
(shown as the solid line in Figure 6). This is not surprising since Raupach et al.
(1996) estimatedAm at z = h, while the measurements from this experiment are
for z/h = 1.11 (except for Ring 7,z/h = 1.29). Given thatIw does not vary
appreciably withz for z/h = 1.0–1.5, asz/h increases,̄u increases leading to
a reduction inAm (Kaimal and Finnigan, 1994; Thompson, 1979). For Ring 7,
we present both rawAm values obtained forz/h = 1.28 and adjustedAm for
z/h = 1.11. The adjustment in Ring 7 is based on a logarithmic interpolation ofū

at z = 15.5 m from measured̄u at z = 18 m.
While the spatial variation inAm is not large (spatial coefficient of variation

is 8% for an 18% variation in LAI), it is sufficiently significant to warrant fur-
ther analysis. Irvine and Brunet (1996) demonstrated thatAm does not vary with
atmospheric stability. Hence, it is unlikely that Ring-to-Ring variations inAm are
caused by the spatial variability in flow properties such as sensible heat and friction
velocity. The conclusions from Irvine and Brunet (1996) lead us to consider canopy
morphology (particularly LAI) as a source of variability. The potential dependence
of Am on LAI seems plausible. For small LAI (but the same canopy heighth), the
instabilities close to the canopy-atmosphere interface are not KH produced and the
flow resembles a boundary layer (vis-à-vis a mixing layer) in which no inflection
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TABLE IV

Regression analysis to determineAm (in
I−1
w =Amū/h) for all Rings and forH >

30 W m−2. The coefficient of determina-
tion (R2) and the standard error of esti-
mate (SEE) are also presented. The mea-
sured leaf area index (LAI) around the
central tower of each Ring is also shown.
The values for Ring 7∗ are adjusted val-
ues of Ring 7 to reflect̄u measured at
15.5 m rather than 18 m as in Ring 7. This
adjustment assumes thatū varies loga-
rithmically betweenz = 15.5 m andz =
18 m, and that the zero-plane displace-
ment is 0.65 h.

Ring # Am R2 SEE LAI

1 1.82 0.54 0.05 2.65

3 2.33 0.69 0.04 4.56

4 2.14 0.67 0.05 3.09

5 2.31 0.65 0.05 4.24

6 2.21 0.40 0.07 3.58

7 2.05 0.58 0.06 3.90

7∗ 2.28 0.58 0.06 3.90

in ū exists. Measurements by Paw U et al. (1992) over short vegetation, and the
seasonal variation in measuredIw and ū/u∗ by Lu and Fitzjarrald (1994), indi-
rectly support this argument. For such boundary-layer flows,I−1

w becomes poorly
correlated withū/h resulting in a smallAm. That is, for the same canopy height,
a decrease in LAI results in a decrease inAm. This experiment uniquely examined
the dependence ofAm on LAI for the same stand (i.e., tree height, tree architecture,
pine needle sizes and orientation are all similar in this experiment) in Figure 7.
Figure 7 clearly demonstrates that as LAI decreases,Am also decreases, confirming
the above argument.

4. Conclusions

This study is the first to examine experimentally the spatial variability of turbu-
lent statistics within the RSL above a tall even-aged forest. We demonstrated the
following:

1. The velocity and temperature standard deviations (σu, σw, andσT ) are more
planar homogeneous (CV ∼ 10%) thanu∗ and sensible heat (H ) (CV ∼ 17%).
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line is derived from the ‘generic canopy’ data of Raupach et al. (1996).

2. The sensible heat flux is more homogeneous than the fluxes of other scalar
entities such as CO2 (Fc) and water vapour (LE). This conclusion confirms
earlier suggestions by Katul et al. (1995) and Andreas et al. (1998) that the flux
of sensible heat appears more uniformly distributed than other scalars such as
water vapour.

3. Single-tower measurements when scaled with local variables can represent
the canonical structure of single-point turbulence statistics. Particularly, it
is demonstrated that flux-variance similarity functions are independent of
location.

4. The spatial variability of all RSL flow variables is not constant in time but
strongly depends on〈u∗〉3. One possible explanation is that the increase in
mechanical production of turbulent kinetic energy increases the frequency of
inactive eddies. Such eddy motion introduces a horizontal length scale much
larger than the canopy height (h) that enhances aggregation of local sources
and sinks near the canopy-atmosphere interface. Another equally plausible
(and inter-related) explanation is that the reduction ofRV with u∗ may be
attributed to the dependence of sampling errors onu∗. Future large eddy simu-
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lation runs with differentu∗ can provide systematic diagnostics as to which of
these arguments better explains the dependence ofRV onu∗.

5. Flow properties derived from lagged correlation function analysis are more
sensitive to the local variability in leaf area density when compared to other
second-order statistics. Particularly, the local relationship between the recip-
rocal of the integral time scale (Iw) and the arrival frequency of organized
structures (̄u/h) predicted from the mixing-layer analogy of Raupach et al.
(1996) exhibits dependence on the local leaf area index.

The broader implications of these findings to the measurement and modelling of
RSL flows above uniform canopies (i.e.,CV (LAI) < 20%) are as follows:

1. The planar homogeneity assumption inσu, σw, u∗ , andH (or the atmospheric
stability parameter) commonly employed in Lagrangian dispersion models to
compute the source-weight function of scalar entities such as water vapour or
CO2 in the roughness sublayer (e.g., Leclerc et al., 1988; Baldocchi, 1992;
Katul et al., 1997a) is reasonable.
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2. The ‘moving equilibrium’ hypothesis, originally developed for surface-layer
flows, can be extended to RSL flows as evidenced by conclusion 3. Strictly
speaking, conclusion 3 is a necessary and not a sufficient condition. Nonethe-
less, agreement between the present measurements and wind-tunnel experi-
ments (see Raupach et al., 1996; Raupach, 1988) suggest that the ‘moving
equilibrium’ hypothesis is a practical approximation for the RSL. The ‘moving
equilibrium’ hypothesis has direct consequences for the comparisons between
closure-modelling calculations, which represent horizontally averaged flow
statistics, and single-tower measurements. Horizontally averaged flow statis-
tics computed from higher-order closure principles and normalized by〈u∗〉
and〈h〉 can be converted to ‘local’ flow statistics if the local length (e.g.,h)
and velocity scales (e.g.,u∗) are used. Additionally, the planar homogeneity
in σu, σw, u∗ indirectly supports the negligence of ‘dispersive’ fluxes arising
from horizontal averaging of the time-averaged equations of motion (Finnigan,
1985) in RSL flows.

3. The planar homogeneity inσT , coupled with the invariance of the similarity
relationshipσT /T∗ = AT ξ

−1/3 in the x–y plane, demonstrates that the flux-
variance method, developed for the atmospheric surface layer, can accurately
reproduce the daytime sensible heat flux (of local relevance) from single-tower
σT measurements within the RSL.

4. The strong local relationship betweenI−1
w and ū/h (i.e., I−1

w = Amū/h) for
all Rings suggests that the mixing-layer analogy for vertical transport near
z/h = 1 provides an analytic linkage between the ‘origins’ of organized
motion and characteristic time scales for RSL transport. Local canopy mor-
phology changes do not alter the functional relationship betweenI−1

w andū/h
but can alterAm.

5. When comparing net carbon uptake and water budgets between different
ecosystems derived from single-tower measurements within each system, it
is necessary to interpret budget differences that are less than 20% with great
caution. As evidenced from this experiment, unless special care is taken in
instrument calibration and cross comparison, it will be difficult to meaningfully
evaluate budget differences smaller than 20%. Additionally, because of their
control by stomatal and boundary-layer conductances and the more complex
nature of the sources and sinks (e.g., influence of soil),LE andFc are inher-
ently more spatially variable thanH . This experiment demonstrated that at
least 8% spatial variability in daytimeH is not uncommon.
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Appendix A: Comparisons between Different Instruments

In this appendix, the inter-comparison statistics for different eddy-covariance
systems are reported.

A.1. VELOCITY SENSORS

Because three sonic types (ATI, GILL, and CSAT3) were used in this experiment,
it was necessary to quantify differences in the statistics due to differences in sonic
anemometer configurations. We compared the ATI, GILL, and CSAT3 velocity and
temperature measurements side by side (80 cm apart) using measurements from
two experiments described next.

A.1.1. ATI/CSAT3 Comparison (Table A.I)
At Ring 2, 67 runs, each of 30-minute duration, were collected between Day
of Year (DOY) 279 and 281 in which the CSAT3 and ATI were simultaneously
measuring velocity and temperature at 10 Hz. Table V reports the regression
comparison between the two anemometers. The maximum variability between the
anemometers was at most 4% (based on the slope of the regression analysis) for
standard deviations, 9% for the friction velocity, and 8% for sensible heat.

A.1.2. GILL/CSAT3 Comparison (Table A.II)
At Ring 1, 87 runs, each of 30-minute duration, were collected between DOY 284
and 286 in which the CSAT3 and the GILL anemometers were simultaneously
measuring velocity and temperature at 5 Hz and 10 Hz, respectively. In this exper-
iment, the system from Ring 4 was co-located with the setup at Ring 1. Table A.II
reports the regression comparison between the two anemometers. The variability
between the anemometers was at most 1% for all standard deviations, 1% for the
friction velocity, and 4% for sensible heat.
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TABLE A.I

Comparisons between ATI and CSAT3 at Ring 2 (Day
of Year 279–281/1997; number of runsn = 67) using
a linear regression model. The regression statistics for
the relevant flow variables, including the coefficient of
determination (R2) and the standard error of estimate
(SEE), are shown. The independent and dependent
variables are the ATI and CSAT3, respectively.

Flow variable Slope Intercept R2 SEE

ū (m s−1) 1.00 0.02 0.983 0.04

T̄ (◦C) 0.96 0.52 0.999 0.03

σu (m s−1) 0.98 0.00 0.999 0.02

σv (m s−1) 0.98 0.00 0.995 0.01

σw (m s−1) 1.04 0.00 1.000 0.00

σT (◦C) 0.99 0.00 0.990 0.02

u∗ (m s−1) 0.91 0.00 0.901 0.02

H (W m−2) 1.08 0.50 0.997 2.40

TABLE A.II

Comparisons between GILL and CSAT3 at Ring 1 (Day of
Year 284–286/1997; number of runsn = 87) using a linear
regression model. The regression statistics for the relevant
flow variables, including the coefficient of determination (R2)
and the standard error of estimate (SEE), are shown. The in-
dependent and dependent variables are the GILL and CSAT3,
respectively.

Flow variable Slope Intercept R2 SEE

ū (m s−1) 0.93 0.17 0.968 0.08

T̄ (◦C) 1.26 −4.0 0.997 0.27

σu (m s−1) 0.99 0.03 0.993 0.02

σv (m s−1) 1.00 0.02 0.991 0.02

σw (m s−1) 1.04 0.00 0.999 0.01

σT (◦C) 1.00 0.05 0.990 0.02

u∗ (m s−1) 1.01 −0.01 0.980 0.02

H (W m−2) 1.04 0.53 0.990 7.05

LE (W m−2) 0.94 4.93 0.920 21.2

Fc (mg m−2 s−1) 0.87 −0.01 0.910 −0.08
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TABLE A.III

Comparisons between KH2O and LICOR 6262 at
Ring 7 (Day of Year 279–282/1997; number of runsn
= 100) using a linear regression model. The regression
statistics for the relevant flow variables, including the
coefficient of determination (R2) and the standard er-
ror of estimate (SEE), are shown. The independent and
dependent variables are the KH2O and LICOR 6262,
respectively.

Flow variable Slope Intercept R2 SEE

σq (g m−3) 0.88 −0.02 0.97 0.04

LE (W m−2) 0.92 −3.59 0.99 10.9

A.2. EFFECTS OF TUBE LENGTH, DIAMETERS, AND FLOW RATES

Lenschow and Raupach (1991) demonstrated that the frequencyfo above which
significant attenuation occurs is:

fo = noū(rX)−0.5

whereno is the normalized frequency,r is the sampling tube radius, andX is the
distance travelled in the sampling tube. From Table I, the largest variation in system
configuration is inX and the setup of Rings 1 and 4 represent the two extremes.
While the impact of tube attenuation at high frequencies (f ) is critical to scalar
variances, it is less critical to scalar covariances. Recall that at high frequencies,
scalar variances decay asf −5/3 while scalar covariances decay asf −7/3. A side-
by-side comparison betweenFc andLE is presented in Table A.II for the system
configuration in Rings 1 and 4 (see Section A.1.2). The differences between sys-
tems are 6% forLE and 13% forFc (primarily due to poor nighttime comparisons).
If only daytime conditions are considered (H > 30 W m−2), theFc differences are
9%.

A.3. COMPARISON BETWEEN KRYPTON HYGROMETER AND LICOR 6262
WATER VAPOUR CONCENTRATION(TABLE A.III)

At Ring 7, simultaneous water vapour concentration measurements using a Camp-
bell Scientific Krypton hygrometer (hereafter referred to as KH2O) and a LICOR
6262 infrared gas analyzer were available (101 runs). The KH2O was factory-
calibrated just prior to the experiment. A comparison between these two systems
allows the degree of concentration fluctuation attenuation by tubing for five of the
six eddy-covariance systems to be assessed. It is evident from the comparison of
Table A.III that the KH2O standard deviation and latent heat fluxes were larger



26 GABRIEL KATUL ET AL.

than their LICOR 6262 counterpart by 12, and 8%, respectively. As expected, the
KH2O and LICOR 6262 fluxes are in closer agreement than the variances given the
rapid decay of thew′q ′ covariance at high frequencies (∼f −7/3) when compared
to the variance decay (∼f −5/3).
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