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Abstract We used an aerodynamic method to objectively determine the rep-
resentative canopy height, using standard meteorological measurements. The
canopy height may change if the tree height is used to represent the actual
canopy, but little work to date has focused on creating a standard for deter-
mining the representative canopy height. Here we propose the ‘aerodynamic
canopy height’ ha as the most effective means of resolving the representative
canopy height for all forests. We determined ha by simple linear regression
between zero-plane displacement d and roughness length z0, without the need
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for stand inventory data. The applicability of ha was confirmed in five different
forests, including a forest with a complex canopy structure. Comparison with
stand inventory data showed that ha was almost equivalent to the represen-
tative height of trees composing the crown surface if the forest had a simple
structure, or to the representative height of taller trees composing the upper
canopy in forests with a complex canopy structure. The linear relationship
between d and z0 was explained by assuming that the logarithmic wind profile
above the canopy and the exponential wind profile within the canopy were
continuous and smooth at canopy height. This was supported by observations,
which showed that ha was essentially the same as the height defined by the
inflection point of the vertical profile of wind speed. The applicability of ha

was also verified using data from several previous studies.

Keywords Aerodynamic canopy height · Canopy structure · Roughness
length · Zero-plane displacement

1 Introduction

In previous studies of forest micrometeorology, canopy height h (m) was de-
termined using various statistical methods and data often derived from tree
heights. Mean tree height was the most commonly used parameter, and some
studies determined canopy height as the mean height of a limited number of
trees (e.g. Leonard and Federer, 1973; Turnipseed et al., 2002), or approximate
mean canopy height (e.g. Viswanadham et al., 1990; Lo, 1995). One difficulty
in resolving canopy height is that mean tree height does not always represent
the canopy structure of a forest. If a forest is composed of trees with similar
heights, the mean tree height may represent the canopy height. However, this
is not always the case, other than in even-aged stands, because the mean tree
height is much smaller than the expected canopy height in the presence of a
large number of shorter trees. For example, in conifer-broadleaf mixed forest
in Moshiri, Hokkaido, Japan, although the maximum tree height is 33.6 m,
and trees taller than 15 m were 79% of the total basal area (sum of the cross-
sectional areas of trunks at breast height (1.3 m)) of the forest, the mean tree
height was only 5.1 m (Table 1). Obviously, the mean tree height (5.1 m) is
not appropriate for micrometeorological purposes. The canopy height may be
defined as the mean tree height for trees composing the upper canopy, but
determining which trees compose the upper canopy is still subjective. As for
maximum tree height, this also may not be representative of forest height be-
cause the tallest tree is often an emergent. Thus far, no standard has been
established to determine representative canopy height, especially for forests
that have a complex canopy structure. From this perspective, the statistical
methods used to determine representative canopy height are not applicable in
a general sense, and another approach is required.

Thomas and Foken (2007) defined the ‘aerodynamic canopy height’ as the
height of the inflection point in the vertical profile of the wind speed using
a third-order polynomial fitted to measurements at seven heights, which is in
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good agreement with a visual estimate for the canopy height. This method was
originally suggested by Raupach et al. (1996) and seems reasonable in that it
is consistent with the idea that the logarithmic wind profile above the canopy
(convex downward) and the exponential wind profile within the canopy (convex
upward) are continuous and smooth at canopy height h. However, it might not
be applicable to other tower observation sites because it requires wind speed
measurements at several heights within and above the forest canopy.

Thom (1971) suggested a linear relationship between roughness length z0

(m) and zero-plane displacement d (m). This relationship was confirmed by
several observations in each particular canopy (e.g. Maki, 1975, 1976; Jacobs
and van Boxel, 1988). Based on this relationship, Maki (1975, 1976) defined the
‘effective plant height’, which can be obtained from this linear relationship. In
general, because both d and z0 can be obtained from most micrometeorological
towers, this method is likely suitable for determining the canopy height of
a forest. However, no other studies using Maki’s effective plant height were
found in the literature, and the canopies that Maki (1975, 1976) investigated
were composed of a single species with almost homogeneous plant heights;
thus, the applicability of Maki’s effective plant height to forests with complex
canopy structure is still unknown. Furthermore, the correspondence between
this height and the actual distribution of tree heights within a stand has not
been surveyed.

Our objective was to explore the possible use of aerodynamic height as
a representative canopy height scale for biosphere-atmosphere mass, energy
and momentum exchange studies. As the most effective means, we introduce
Maki’s effective plant height as the ‘aerodynamic canopy height’ and discuss
the characteristics and applicability of this height by applying it to five differ-
ent forests, including those with complex canopy structure, and compare the
results with stand inventory data. The consistency of the aerodynamic canopy
height introduced here and that defined by Thomas and Foken (2007) is also
discussed.

2 Theoretical aspects of the aerodynamic canopy height

In this section, we demonstrate a theoretical linear relationship between d and
z0 (Thom, 1971) and define the physical meaning of the aerodynamic canopy
height. We consider a dense canopy only because the exponential mean velocity
profile within the canopy (Inoue, 1963) introduced below is valid only in dense
conditions.

We consider the case in which the vertical profile of the wind speed above
the canopy (z ≥ h, where z (m) is the height from the ground) follows the
logarithmic law:

U =
u∗
k

ln
z − d

z0
, (1)
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and the flow within the canopy (z ≤ h) follows the exponential law (Inoue,
1963):

U = Uh exp[γ(z − h)], (2)

where Uh is the wind speed at z = h, and γ (m−1) is the coefficient of mo-
mentum absorption, defined as

γ =
(

acd

2l2h

)1/3

, (3)

where a (m2 m−3) is the leaf area density, cd (dimensionless) is the drag
coefficient, and lh (m) is the mixing length at the top of the canopy, z = h.
When deriving Eqs. (2) and (3), Inoue (1963) assumed that lh and acd are
constant within the canopy layer.

If Eqs. (1) and (2) are continuous and smooth for z = h, the derivatives of
these equations at z = h are equal. The derivatives of Eqs. (1) and (2) are

dU

dz
=

u∗
k(z − d)

, z ≥ h, (4)

and
dU

dz
= γUh exp[γ(z − h)], z ≤ h (5)

respectively. These are combined at z = h as follows:

u∗
k(h− d)

= γUh. (6)

Substituting Eq. (1) into Eq. (6) for z = h results in

ln
h− d

z0
=

1
γ(h− d)

. (7)

This equation is the same as that derived by Kondo (1971), assuming conti-
nuity of the friction velocity u∗ at z = h (see Appendix A). Considering the
continuity in the shear stress, our theoretical result and the theory of Kondo
(1971) summarised in Appendix A are essentially equal (see Appendix B).

Because γ represents the momentum absorption by the leaves, and h−d is
the depth proportional to the length in which the downward momentum dis-
appears, γ(h−d) is assumed to be a non-dimensional constant (Kondo, 1971).
Therefore, this result theoretically supports the linear relationship between
h− d and z0, which was suggested by Thom (1971) to be

z0 = λ(h− d), (8)

where λ (dimensionless) is a constant specific to a stand. The values of λ and
the canopy height specific to a forest ha (= d + z0/λ) (m) can be determined
by regression using Eq. (8) and the observed values of d and z0. Thom (1971)
determined that λ = 0.36, calculated from the relationships d = 0.64h (Cowan,
1968) and z0 = 0.13h (Tanner and Pelton, 1960). Maki (1975, 1976) called this
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ha ‘effective plant height’. Hereafter, we refer to ha as the ‘aerodynamic canopy
height’ to clarify the derivation and meaning of this parameter.

The above theory demonstrates that the linear relationship between h− d
and z0 is equivalent to an assumption that the logarithmic wind profile above
the canopy and the exponential wind profile within the canopy are contin-
uous at canopy height z = h. This indicates that the aerodynamic canopy
height ha derived from Eq. (8) is essentially the same as that derived from the
height of the inflection point in the vertical wind profile (Thomas and Foken,
2007). In Section 5.1, we confirm the consistency of these two definitions using
observational data.

3 Observations

3.1 Study sites

We applied this method to a larch forest (YL) and a pine forest (YP) in
Spasskaya Pad, near Yakutsk, Russia; a birch forest (MB) and a conifer-
deciduous broadleaf mixed forest (MM) in Moshiri, Japan; and an evergreen-
deciduous broadleaf mixed forest (SM) in Seto, Japan (Table 1, Fig. 1). The
location, altitude (m), stand density (stands ha−1), maximum tree height hmax

(m), mean tree height hm (m) and standard deviation of tree heights σh (m)
at these forest sites are listed in Table 1.

3.2 Meteorological observations

To obtain d and z0, we used two wind speeds U1 and U2 (m s−1) at two
heights z1 and z2 (m), measured using cup anemometers, and friction velocity,
u∗ (m s−1) at ze (m), measured using an ultrasonic anemometer. The cup
anemometers used were AC-750 (Makino, Japan) at sites YL and YP, and
010C (MetOne, USA) at sites MB, MM and SM. The ultrasonic anemometers
R3-50 Solent (Gill Instruments, UK) were used at sites YL, YP, MB and MM,
and DAT-540 (Kaijo, Japan) was used at site SM. U1 and U2 were sampled
at 10-s intervals and averaged over 30 min, and u∗ was calculated every 30
min from wind speed data sampled at a rate of 10 Hz. For R3-50, angle-of-
attack-dependent errors were corrected in calculating u∗ (Nakai et al., 2006).
Measurement heights ze, z1 and z2 of observation sites are shown in Table
1. Although the maximum tree height of site MM was greater than the mea-
surement height, the tallest tree was located downslope and distant from the
tower. The tree heights near the tower were short enough for the instruments
to be located above the canopy.

From these measurements, d and z0 under neutral conditions were calcu-
lated as follows (e.g. Rooney, 2001; Nakai et al., 2005, 2008):

d =
z2 exp(kU1/u∗)/ exp(kU2/u∗)− z1

exp(kU1/u∗)/ exp(kU2/u∗)− 1
, (9)
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z0 =
z1 − d

exp(kU1/u∗)
, (10)

where k (dimensionless) is the von Kármán constant. The data under the
condition of neutral stability (|ze/L| < 0.05, where L (m) is the Obukhov
length) and u∗ ≥ 0.5 in summer (JJA) 2004 (YL, YP), 2005 (MB, MM) and
2006 (SM), were used for this calculation. Furthermore, the data used were
limited by the range of wind directions (Table 1) to avoid the shadow effect of
the tower.

3.3 Forest survey

To compare the estimated aerodynamic canopy height ha with stand inventory
data, forest surveys were conducted in 2003 (YL, YP, MB), 2004 (YL, YP,
MM), 2005 (SM) and 2006 (YP; Table 1). The tree height hi (m), basal area
of each tree Ai (m2) and number of trees N were measured at all of the
forest sites (where the subscript i indicates tree number). Mean tree height
hm = (1/N)

∑
hi, maximum tree height hmax and the standard deviations σh

(Table 1) were obtained from these data. In addition, weighted mean canopy
height with a basal area hB =

∑
(hiAi) /

∑
Ai (m) was also calculated and is

referred to in the next section.
To consider the vertical structure of a forest, the frequencies of tree height

and basal area of trees in each 1-m tree height class were calculated. These
were normalised using the total number of trees and total basal area to express
them in terms of the probability density.

4 Results

Linear relationships between d and z0 occurred for all five forest sites (Figure
2). To obtain ha from these plots, we used the geometric mean regression model
(Model II), which minimises both the vertical and horizontal residuals (e.g.
Riggs et al., 1978; Zobitz et al., 2006). Figure 2 also shows the regressions using
the Model II method. The coefficients for λ in Eq. (8) of these sites, calculated
from the Model II regression, were 0.26 (YL), 0.27 (YP), 0.26 (MB), 0.37 (MM)
and 0.36 (SM). These values are consistent with the estimated λ in previous
studies (Table 2). From these regressions, the aerodynamic canopy height ha

of each forest was estimated as 18.4 m (YL), 9.2 m (YP), 11.8 m (MB), 24.3
m (MM) and 8.4 m (SM).

Figure 3 shows a comparison of aerodynamic canopy height ha with various
values calculated from stand inventory data (see section 3.3). In the right-
hand figures, the gently sloping part of the cumulative height-frequency curve
shows that several trees were within a similar height class. The patterns of
the curves were quite different among sites. MB had an upward convex curve
corresponding to the presence of many taller trees, whereas YP had two gently
sloping parts because of the presence of taller and shorter trees. SM also has
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a gently sloping part at approximately 8 m to 10 m. These characteristics also
occur in the plot of tree height frequency distributions (grey bars in the middle
figures in Fig. 3) as monomodal distributions in MB and SM and bimodal
distribution in YP. However, YL had a monotonically decreasing pattern in
the curve of cumulative height-frequency probability, and correspondingly, no
distinct peaks in the tree height frequency distributions were found. In the case
of site MM, the cumulative height-frequency curve had a downward convex
curve because the fraction of taller trees was quite small and the distribution
of tree height frequencies was extremely slanted toward shorter trees.

The aerodynamic canopy height ha corresponded to the (upper) peak of
the tree height frequency distributions at sites YP, MB and SM, which were
almost equivalent to the height of the gently sloping part of the cumulative
height-frequency curve because of the presence of trees with corresponding
heights. These data indicate that ha is equivalent to the representative height
of trees composing the crown surface if many trees occur within a similar
height class.

The ha was also in agreement with the distribution peak of the basal areas
of trees belonging to each 1-m tree height class (open bars in the figures in
the middle section of Fig. 3) at all sites, although the peak for site MM was
unclear. Because the crown projection area of a tree is reported to increase with
individual basal area or DBH (e.g. Shimano, 1997), the upper canopy portion
of a forest, which has an effect on the wind profile, would be mainly composed
of taller trees with large basal areas. Therefore, ha would be regarded as the
representative height of the taller trees composing the upper canopy.

The mean tree height hm was smaller than ha, that is, hm underestimated
the representative canopy height, especially at site MM. These differences re-
sulted from the complex architectures of the forests, as described earlier. Al-
though some previous studies used the mean height of a few of the taller trees
as representative of canopy height, the threshold for taller trees is not stan-
dardised. For example, the number (or proportion) of taller trees or the DBH
was used as the threshold for the averaging procedure, but ha was equivalent to
the mean height of the samples taller than 67.8 (YL), 50.5 (YP), 47.1 (MB), 3.8
(MM), and 96.5% (SM) or the mean tree height of samples with DBH exceed-
ing 14.0 (YL), 7.3 (YP), 8.4 (MB), 37.7 (MM), and 4.1 (SM) cm. Therefore,
the statistical methods used previously necessarily involve uncertainty.

By contrast, ha was similar to the weighted mean canopy height with basal
area of hB at sites YL, YP, and MB. This suggests that hB also represents
canopy height when the canopy structure is relatively simple. However, hB

was 2.7 m smaller than ha in MM, where the canopy structure was complex.
Considering this uncertainty, ha is more suitable than hB to represent canopy
height in different types of forest for micrometeorological purposes.

In the case of site SM, however, hB was larger than ha. At this site, the
meteorological tower was located on a mountain ridge, and relatively tall trees
were located downslope (Fig. 4). These tall trees were reflected in the results
of the forest survey (Fig. 3). The maximum and mean tree heights near the
tower (within a 10 × 10 m plot) were 10.7 and 7.9 m, respectively. The ha was
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based on measurements from the meteorological tower and thus represents the
height from the base of the tower to the representative crown surface. In fact,
trees around the tower formed the crown surface, and ha appeared to represent
the height of this surface. Considering these conditions, ha can be regarded as
the representative height of the crown surface, with its origin at the base of
the tower.

5 Discussion

5.1 Comparison with the aerodynamic canopy height of Thomas and Foken
(2007)

The aerodynamic canopy height ha used here is different from that defined
by Thomas and Foken (2007), but the theoretical development in section 2
suggests that these definitions are essentially the same. To confirm this consis-
tency, the definition by Thomas and Foken (2007) was applied to the observed
data at sites MB, MM and SM, where wind speeds were observed at five (MB,
MM) and six heights (SM). Wind speeds at each height were normalised to
the wind speed at the top of the tower. Because the number of measurement
heights at these sites was less than that in Thomas and Foken (2007) (seven
heights), the results of a third-order polynomial fit seemed unrealistic. Thus,
cubic spline interpolation was applied to the vertical profile of the mean rela-
tive wind speeds.

Figure 5 shows the vertical profile of the mean relative wind speeds, with
their standard deviations, and the vertical mean relative wind speed profiles
obtained by cubic spline interpolation for sites MB, MM and SM. The in-
flection points of these cubic spline functions and our results for ha are also
indicated in the figure. At site MB, the inflection point was close to our ha,
suggesting that the canopy heights obtained from both definitions are essen-
tially the same. However, the inflection points of sites MM and SM were 7.4%
and 17.3% higher, respectively, than ha. This may have occurred because the
inflection point was variable at sites MM and SM, as suggested by the fact that
the standard deviations of the relative wind speed at sites MM and SM were
larger than for site MB. Moreover, the wind profiles of our sites were fitted by
cubic spline curves through the data points, whereas Thomas and Foken (2007)
determined this from a third-order polynomial curve using a least-square fit
that might not pass through the data point. Considering these uncertainties,
the aerodynamic canopy height ha introduced here appears identical to that
defined by Thomas and Foken (2007), as theoretically demonstrated in section
2.

Applying a cubic spline interpolation to the vertical profile of the mean
wind speed at sites MB, MM, and SM, the shear length scale Ls was estimated
as follows (Raupach et al., 1996; Brunet and Irvine, 2000):

Ls =
Uha

(dU/dz)z=ha

, (11)
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where Uha and (dU/dz)z=ha are the mean wind speed and vertical gradient of
wind speed at the aerodynamic canopy height ha, respectively. The normalised
Ls/ha of sites MB, MM, and SM was 0.44, 0.41, and 0.30, respectively. These
values were consistent with the findings of Brunet and Irvine (2000) that Ls/h
varied between 0.3 and 0.5 in near-neutral conditions.

5.2 Application to other data in the literature

Table 3 shows canopy height h, zero-plane displacement d and roughness length
z0 taken from previous studies. From these data, the coefficient λ was calcu-
lated as λ = z0/(h − d). Calculated λ ranged from 0.11 to 0.54 (Table 3),
with an average of 0.32 and a standard deviation of 0.12. The aerodynamic
canopy height ha was estimated assuming λ = 0.32 ± 0.12. Although the
canopy heights in previous studies were determined using various methods,
they were well reproduced by the aerodynamic canopy height ha. If λ of each
forest was determined by linear regression of d and z0 using more data, a
reliable ha would be obtained. Previous statistical methods used in the liter-
ature involved uncertainty, as pointed out in section 4; thus, in general, it is
difficult to adopt an adequate method to determine the representative canopy
height of these forests. The results shown above indicate that the aerodynamic
canopy height ha would be applicable not only to our sites, but also to other
forests. Therefore, the aerodynamic canopy height ha would be appropriate as
a general representation of the canopy height of a forest.

5.3 Issues in applying this method

5.3.1 Roughness sublayer problem

It has been pointed out that the roughness sublayer exists immediately above
the forest, where the Monin-Obukhov similarity theory fails, and thus, the
observed wind profile deviates from the logarithmic low. Because the mea-
surement levels of our sites might be within the roughness sublayer, the effect
of the roughness sublayer on the wind speed distribution should be considered.
To correct the deviation of the wind speed distribution from the logarithmic
low, a number of roughness sublayer functions have been proposed (e.g. Gar-
ratt, 1980; Raupach, 1992, 1994; Cellier and Brunet, 1992; Mölder et al., 1999).
In applying these functions, it is necessary to know the height of the rough-
ness sublayer z∗ (m). To estimate z∗, measurements of wind speed at several
heights within and above the roughness sublayer are required. However, such
profile measurements were not available at our sites, so reliable correction of
the roughness sublayer could not be applied. Therefore, we assessed the effect
of roughness sublayer correction on aerodynamic canopy height using a simple
simulation.
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According to Mölder et al. (1999), d and z0 under neutral conditions (Eqs.
(9) and (10)) are corrected as follows:

d =
z2

exp(kU1/u∗ − Ψu(z1))
exp(kU2/u∗ − Ψu(z2))

− z1

exp(kU1/u∗ − Ψu(z1))
exp(kU2/u∗ − Ψu(z2))

− 1
, (12)

z0 =
z1 − d

exp(kU1/u∗ − Ψu(z1))
, (13)

where Ψu(z) is the integrated roughness sublayer function derived as:

Ψu(z) =
∫ z∗

z

1− [(z′ − d)/(z∗ − d)]n

z′ − d
dz′

= − ln
(

z − d

z∗ − d

)
+

1
n

[(
z − d

z∗ − d

)n

− 1
]

, (14)

where n is the coefficient. Mölder et al. (1999) provided n = 0.6 for wind speed
correction over a boreal forest (mixed forest of spruce and pine).

From Mölder et al. (1999), z∗ for momentum was approximately 1.84 times
the maximum tree height. Thus, we assumed z∗ = 1.85ha, where ha is the
aerodynamic canopy height evaluated without roughness sublayer correction.
The assumed z∗ for our forest sites were 34.0 (YL), 17.0 (YP), 21.9 (MB), 45.0
(MM) and 15.5 m (SM), respectively. In these cases, the upper measurement
level of wind speed, z1, was within the roughness sublayer in sites YL, MB,
MM and SM, but close to z∗ in sites YL, MB and SM. Furthermore, d is
required in calculating Ψu(z); thus, the mean value of d without roughness
sublayer correction was used. Using these z∗ and d, the aerodynamic canopy
height was corrected to 18.9 (YL), 9.4 (YP), 12.4 (MB), 25.0 (MM) and 8.7m
(SM). These results were slightly larger than the uncorrected ha by 0.2 – 0.7
m, equivalent to the increment of 2.2 – 5.1% of ha. From these results, an
expected estimation error of ha with respect to roughness sublayer correction
would be at most several percent.

Recently, Harman and Finnigan (2007) proposed an alternative parame-
terisation of Ψu(z) that does not use the roughness sublayer height z∗. Under
neutral conditions, Ψu(z) is written as follows:

Ψu(z) =
∫ ∞

z

c1 exp {−βc2(z′ − d)/lh}
z′ − d

dz′, (15)

where c1 and c2 are constants, β = u∗/Uh, and lh = 2β3/(acd) (see Appendix
B). In deriving Ψu(z) from Eq. (15) by numerical integration, we took cd =
0.25, c1 = (1− k/(2β)) exp(c2/2) and c2 = 0.2 according to Harman and
Finnigan (2007), and assumed a = A/(0.5h) for pure stands (YL, YP, MB)
and a = A/h for mixed forests (MM, SM), where A (m2 m−2) represents
the plant area index in summer (JJA) measured by a plant canopy analyser
(LAI-2000, LI-COR, Inc., USA) (Nakai et al., 2008). The mean value of d
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without roughness sublayer correction was used, as above. The parameter β
was determined so as to satisfy the following equation:

exp
(
−k

β

)
exp [Ψu(h)] = λ, (16)

where the value of λ was determined in Section 4. Since Eqs. (15) and (16) are
complementary, these were solved simultaneously by iterating β numerically.
From this method, the aerodynamic canopy height ha was corrected to 18.6
(YL), 9.4 (YP), 11.8 (MB), 24.6 (MM) and 8.6 m (SM). These results were
also slightly larger than the uncorrected ha by 0 – 0.3 m, but were closer to
the uncorrected ha than to that corrected with Eq. (14).

These assessments indicate that ha can be larger by considering the effect
of the roughness sublayer. However, the height of the roughness sublayer z∗
is somewhat arbitrary when the detailed wind profile data within and above
the roughness sublayer are not available, and d should be the primarily input,
which is also arbitrary. The development of the correction method for such
conditions is desired, but it is beyond the scope of this study and remains a
subject for future investigations.

5.3.2 Method of determining d and z0

We used wind speeds at two measurement heights to determine d and z0 via
Eqs. (9) and (10) in section 3.2, because wind speeds at just two heights were
available for sites YL and YP. However, we measured wind speed at another
level z3 (m) below z1 and z2 in sites MB, MM and SM. In these sites, three
choices of measurement heights were adopted: the upper pair (z1, z2), the lower
pair (z2, z3) and the pair (z1, z3) at either end. Therefore, we checked the
sensitivity of the relationship between d and z0 to the choice of measurement
heights.

Figure 6 shows the scatterplot of z0 against d at sites MB (a), MM (b) and
SM (c) calculated from the wind speeds at the upper and lower two heights,
at both ends, and at all three heights. The results from the upper two heights
were the same as those in Fig. 2. The Model II regression line and resulting ha

varied greatly depending on the choice of measurement heights. The slope of
the regression line (= λ) was small for the upper pair, but large for the lower
pair. The λ for the both-ends pair was intermediate between them. As a result,
ha was underestimated for sites MB and MM when the lower pair or both ends
were adopted, while no significant difference in ha was found at site SM. These
results showed that ha and the relationship between d and z0 could vary by
the choice of measurement height. From section 5.3.1, we considered all three
measurement heights in our sites to be within the roughness sublayer and the
deviation of measured wind speed from the logarithmic low to be larger in
the lower level. This meant that the sensitivity of the relationship between d
and z0 to the choice of measurement heights would be due to the effect of the
roughness sublayer, and the results from the upper two heights adopted in this
study were the most reliable in our experimental design.



12

In most cases, d and z0 were derived from vertical wind profiles measured
at three or more heights (e.g. Monteith and Unsworth, 1990). However, it is
recognised that determining d and z0 from wind profiles is practically diffi-
cult since they can vary with measurement uncertainties (e.g. Schaudt, 1998).
Figure 7 shows the scatterplot of zero-plane displacement d (Fig. 7a) and
roughness length z0 (Fig. 7b) calculated from the wind profile at three heights
against that derived from wind speeds at the upper two heights via Eqs. (9)
and (10). The values of d and z0 calculated from the wind profile varied much
more than those calculated using Eqs. (9) and (10). Nevertheless, a clear linear
relationship between d and z0 from the wind profile measured at three heights
was found for sites MB, MM and SM (Fig. 6), although the regression line
deviated slightly from that derived from the wind speeds at the upper two
heights. These deviations were also due to the effect of the roughness sub-
layer. Thus the linear relationship between d and z0 demonstrated in section 2
held regardless of the method adopted. Figure 8 shows the scatterplot of fric-
tion velocity u∗ calculated from the vertical wind profile measured by the cup
anemometers at three heights, against that directly measured by the ultrasonic
anemometer. Although the u∗-values from the wind profile were larger than
those from the ultrasonic anemometer, they were correlated with each other.
This indicated that the two measurement types were equivalent, considering
the differences in the method of determining u∗ and the uncertainty in the
measurement of wind speeds at several heights. We therefore judged that the
method of determining d and z0 in this study was adequate.

5.3.3 Limitation of application

It is often reported that roughness length z0 increases with the density of the
roughness element in very sparse canopies, whereas z0 decreases with density
in dense canopies (e.g. Shaw and Pereira, 1982). This indicates that Eq. (8)
cannot be balanced for such sparse canopies. Maki (1975, 1976) also showed,
using wind tunnel experiments with a canopy composed of glass rods, that
ha underestimated the actual canopy height in sparse canopies. These results
suggest a lower limit for the density parameters (such as stand density or
plant area index) in applying this method. We could not clarify this limit.
Nevertheless, the method investigated here would be applicable to most forests
in which micrometeorological observations are carried out.

6 Conclusion

The concept of aerodynamic canopy height ha was proposed to objectively
estimate the representative canopy height of a closed forest. The ha can be
calculated using simple linear regression between zero-plane displacement d
and roughness length z0, without the need for stand inventory data. The ap-
plicability of ha was confirmed in five different forests, including a forest with
complex canopy structure. Comparing ha with stand inventory data, ha was
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almost equivalent to the representative height of trees composing the crown
surface if the forest had a simple structure; it can be regarded as the rep-
resentative height of the taller trees composing the upper canopy in forests
with complex canopy structure. This may support the congruence of ha with
actual field data. The applicability of ha was also suggested from data in the
literature.

The linear relationship between d and z0 was explained by assuming that
the logarithmic wind profile above the canopy and the exponential wind profile
within the canopy are continuous and smooth at a canopy height z = h. This
theory also supports the conclusion that the aerodynamic canopy height ha

introduced here is essentially the same as that defined by Thomas and Foken
(2007). This consistency of definitions was also confirmed using experimental
data from several different forests. A lower limit to the density parameters such
as stand density or plant area index would exist when applying this method,
but this could not be clarified. Nevertheless, this method would be applicable
to most forests in which micrometeorological observations are carried out.

In conclusion, the advantages of aerodynamic canopy height can be sum-
marised as follows:

1. It provides an objective means of determining representative canopy height,
whereas previous statistical methods involved uncertainty in the criteria for
selecting tree samples.

2. It has the physical meaning of when the logarithmic wind profile above the
canopy and the exponential wind profile within the canopy are continuous.

3. It can be determined without the need for stand inventory data, which
require extensive field measurements.
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A Theory of Kondo (1971)

Generally, in a horizontally homogeneous canopy, the local change in vertical momentum
transfer is related to the drag caused by canopy elements as

1

ρ

dτ

dz
=

d

dz

(
K

dU

dz

)
= acdU2, (17)

K = l2
dU

dz
, (18)

where τ (kg m−1 s−2) is the vertical transfer of momentum, ρ (kg m−3) is the air density,
K (m2 s−1) is eddy diffusivity and l (m) is the mixing length.
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Inoue (1963) assumed that l (= lh) and acd were constant within the canopy layer, and
he obtained

U

Uh
=

K

Kh
=

u∗
uh∗

= exp[γ(z − h)], z ≤ h, (19)

where subscript h denotes the value at the canopy height z = h. The γ is already described
in section 2 (Eq. (3)).

In the case of a dense and tall canopy, Kondo (1971) obtained the following equation
from Eqs. (17), (18) and (19):

u∗ = lhγU, z ≤ h. (20)

As taken by Inoue (1963), Kondo (1971) put

lh = k(h− d), (21)

and assuming the continuity of u∗ at z = h, the following equation was derived by substi-
tuting Eq. (20) and (21) into Eq. (1):

ln
h− d

z0
=

1

γ(h− d)
. (22)

Kondo (1971) suggested that γ is the coefficient of momentum absorption by leaves and
that h− d is considered to be the depth proportional to the length at which the downward
momentum disappears; thus, γ(h− d) is assumed to be a non-dimensional constant.

B Continuity in shear stress and mixing length at the canopy top

If first-order closure (K-theory) is assumed for the airflow within and above the plant canopy
then

τ

ρ
= K

dU

dz
= l2

∣∣∣dU

dz

∣∣∣ dU

dz
≡ u2

∗, (23)

indicating that the continuity in the shear stress at the canopy top necessitates smoothness
in the mean velocity profile. In other words, if U is differentiable at z = h, u∗ is continuous
for z = h. From this point of view, our theory in section 2 and the theory of Kondo (1971) in
Appendix A are essentially equal. In addition, continuity in u∗ (or τ) and dU/dz guarantees
continuity in the mixing length l at the canopy top. However, l is not smooth (differentiable)
at the canopy top, because l = k(z − d) above the canopy, whereas l = lh =constant within
the canopy.

From Eqs. (17) and (18), the momentum equation within the canopy in steady, hori-
zontally homogeneous flow is (considering l = lh =constant)

1

ρ

dτ

dz
=

d

dz

(
l2h

∣∣∣dU

dz

∣∣∣ dU

dz

)
= 2l2h

∣∣∣dU

dz

∣∣∣ d2U

dz2
= acdU2, (24)

which gives a non-linear second-order differential equation for U . The exponential profile of
Inoue (1963), Eq. (2) in section 2 is the solution to Eq. (24), yielding

2l2hγ3 {Uh exp [γ(z − h)]}2 = acd {Uh exp [γ(z − h)]}2 , (25)

which allows the derivation of Eq. (3) in section 2. From Eq. (20), for z = h,

γlh =
u∗
Uh

= β. (26)

Here β quantifies the mass flux through the canopy (Finnigan and Belcher, 2004). Substi-
tuting Eq. (26) into Eq. (3) then yields

lh =
2β3

acd
. (27)
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Equations (26) and (27) are related to Eq. (15). From the logarithmic law (Eq. (1)), the
relationship between z0 and h− d is written as

z0 = (h− d) exp

(
− k

β

)
, (28)

and thus the continuity of the mixing length (without any smoothness constraints) leads to
a linear relationship between d and z0, with a slope connected to the momentum extraction
by the canopy. Because lh = k(h − d), a continuous mixing length at the canopy top lh
automatically yields

d = h− lh

k
, (29)

z0 =
lh

k
exp

(
− k

β

)
. (30)

If a = A/h = constant (where A is LAI), from Eq. (27),

d

h
= 1− 2β3

kAcd
, (31)

z0

h
=

2β3

kAcd
exp

(
− k

β

)
, (32)

which clearly shows how the canopy LAI (which is dependent on the tree LAI and the tree
spacing) impacts the zero-plane displacement and roughness length.
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