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Abstract

The zero-plane displacement height d was evaluated in down-
town Tokyo by the two independent methods of temperature 
variance and scintillometer heat flux. Regardless of the method, 
d exceeds the area-weighted average building height. This may 
be because d, which represents the point of effect for wind drag, 
is elevated by some tall buildings that jut above others. The area-
weighted average building height would then be unsuitable as a 
geometrical index of urban canopies with large height variations. 
Thus, the height of the upper envelope of the canopy was pro-
posed as the representative canyon height.

1. Introduction

The zero-plane displacement height, d, is a key parameter that 
expresses the vertical profile of wind speed and other statistics 
over canopies through the Monin-Obukhov similarity theory 
(MOS). Although the concept of zero-plane displacement is not 
new, recent studies motivated us to consider d more precisely in 
complex terrains. Kurita and Kanda (2009) discussed the transi-
tion of wind speed profile across changes in land cover. They 
proposed different transition processes for the mean speed, which 
determines d, and the wind shear. The value of d in urban areas is 
one of the recent topics attracting attention not only out of pure 
meteorological interest but also from the viewpoint of its applica-
tion. A precise estimation of d in an urban area is required for 
numerical studies that seek to clarify the urban impact on heavy 
rainfall (Matheson and Ashie 2008).

There are a number of methodologies to determine d. The fol-
lowing three approaches determine d by fitting measured variables 
into the MOS equation. A) Mean wind speed profile measurement 
(Mikami et al. 1996) is a conventional way in which multi-level 
wind speed is fitted to the logarithmic profile equation. B) Single-
level turbulence measurements can also determine d. Rotach 
(1994) used temperature variance data; similarly, Toda and Sugita 
(2003) used vertical wind speed variance and Martano (2000) 
used mean wind speed. C) Multi-level heat flux measurement 
by scintillometers determines d (Kanda et al. 2002). All of these 
methodologies directly evaluate d. Other ways of indirect estima-
tion utilize the fact that d is related to the canopy geometry. These 
approaches establish an empirical formula relating d to the canopy 
geometry or land use. D) The empirical relationship between d 
and land use could be useful in applying to satellite data (Rooney 
et al. 2005). E) Morphologic methods that relate d to geometrical 
parameters of buildings are often used to estimate d in urban 
areas. Such morphologic methods have the merit of being easy to 
use with Geographical Information Systems (GIS). However, they 
do not always agree well with direct measurements (Grimmond 
and Oke 1999).

This disagreement could partly be due to the variation of 

building height in a real city. Most morphologic methods are 
based on the results of experiments with roughness obstacles of 
homogeneous height. Zaki et al. (2011) conducted wind tunnel 
experiments and showed that height variation would make d larger 
than in the case of homogeneous roughness. Buildings in Tokyo 
are much more heterogeneous than those in Europe. The ratio of 
building height variance to the mean building height (σH /Hav) is 
0.2 to 0.4 in European cities (Ratti et al. 2002), whereas it is 0.69 
in the built-up district of Tokyo (Nakamura et al. 2000) and > 1.0 
in the present study area. Therefore, experimental validation of 
the morphologic method is needed for Japanese cities. The present 
study measures d in the central built-up area of Tokyo according 
to the temperature variance method (Rotach 1994, hereafter TVM) 
and the scintillometer heat flux method (Kanda et al. 2002, here-
after SHM). Although the method using the wind speed profile 
(method A) appears to be the most reliable, it is impossible with 
the limited platforms for measurement in cities.

2. Site description and measurement

Measurements were taken in the Ginza area of downtown 
Tokyo (Fig. 1) in the summer of 2009. Although the terrain is 
almost flat, we can see the uneven heights of buildings and the sea 
water in the south. The study area is divided into four 45°-wide 
sectors in the analysis (Fig. 2). The vertex is the MRC, which 
houses the instruments (Fig. 1). Figure 3 shows a histogram of the 
building areas for each sector. As noted in the introduction, build-
ing height in the study area have larger variation than those of 
European cities, e.g., London. Table 1 summarizes urban canopy 
geometries in each sector. Hav, is an average of building height 
whose weight is ratio of roof area to lot area.

A sonic anemometer (Kaijo SAT-550) was installed at 110 
m AGL in the roof-top radio tower (MRC). The sensor height 
was 60 m above the roof of MRC building. The anemometer was 
placed at the SE side of the tower to avoid distortions by the tower 
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Fig. 1. Study area. MRC; sonic anemometer, upper receiver, and lower 
transmitter of scintillometer, COK; lower receiver, and KBP; upper trans-
mitter of scintillometer.
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paths.
Note that their heights were above the average building height 

but lower than those of some tall buildings shown in Fig. 3. The 
paths are likely to have been in the roughness sublayer. However, 
the few buildings taller than the scintillometer paths were at least 
300 m away (Fig. 2). The distance/height ratio between the paths 
and those high-rise buildings was more than 3, thus the wake of 
those buildings would not be serious. In addition, Meijninger 
et al. (2002) showed that a scintillometer could be used below the 
blending height. Therefore, we can presume validity of scintil-
lometer in our site. In this study, the scintillometer measurements 
were validated with the eddy covariance heat flux (described 
later).

3. Temperature variance method

The temperature variance method (TVM; Rotach 1994) uses 
the measured variance of temperature σΤ and its Monin-Obukhove 
similarity equation,
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to determine the unknown d with the least mean square method. 
Here Τ* is the friction temperature, z is the sensor height, and L is 
the Obukhov length scale. The empirical constants C1 and C2 were 
0.99 and 0.06, respectively, following Toda and Sugita (2003). 
Strictly speaking, the zero-plane displacement evaluated by the 
TVM may be different from that evaluated by wind speed or other 
scalars. However, the present study assumes that the value of d 
is the same for all meteorological variables. This is a common 
assumption in boundary-layer meteorology (Brutsaert 1982, page 
60).

In the analysis, σΤ measured at MRC in each 30-min run was 
used. Vapor correction was applied to the sonic temperature and 
anemometer axis rotation (McMillen 1988). To check data quality, 
the temperature power spectrum was tested for a −2/3 slope and a 
peak at around f = 0.1 in each 30-min run. Data for sensible heat 
flux QH < 200 W m−2 or z /L > −0.3 were discarded because the 
sensor (110 m AGL) could exceed the atmospheric boundary layer. 
d was evaluated in each sector shown in Fig. 2. Data in northwest 
side of the tower would be contaminated by tower distortions.

Figure 4 shows the non-dimensional temperature variance 
as a function of − z /L in sector SSW. Classification of sectors is 
based on the wind direction and the lateral extent of source area 
is not considered. The data are grouped by the fetch length from 
the MRC (the far end distance of source area, e, in Schmid 1994) 
along the wind direction. Note that the location of the source area 
is strongly related to the atmospheric stability. Table 3 shows d 
evaluated for different values of e. There are significant decreases 
in d for longer distances of e. Although these decreases could 
partly be due to the land-cover distribution, it should mainly be 
due to the influence of the flat surface of sea water spread over 
~2 km south of the MRC. Avoiding sea-influenced suspicious 
data, we adopt d = 26 m in e = 200−400 m for sector SSW. A 

in the dominant wind direction. An infrared gas analyzer (Li-COR 
LI-7500) and a radiometer (Kipp & Zonen CNR-1) were also in-
stalled in the tower at 110 m AGL. Air temperature, humidity, and 
static pressure were also measured with slow-response sensors. 
Turbulence data were recorded at a sampling rate of 10 Hz. Other 
data were recorded every minute.

Two sets of large-aperture scintillometers (Scintec BLS-900) 
measured the scintillation of light at different levels above the 
roof. Light pulse was emitted at 1 Hz. The light scintillation data 
were stored every minute and averaged across 30 min. Table 2 
summarizes their configurations and Fig. 1 shows their optical 

Table 1. Canopy geometries. Calculated in different fetch lengths for each 
sector (shown in Section 3). Hav, area-weighted average of building height; 
σH , standard deviation of building heights; λp; plane area ratio of buildings 
to lot area.

ENE ESE SSE SSW

Hav (m)
σH /Hav

λp

13.6
1.04
0.45

9.4
1.41
0.36

12.9
1.04
0.46

10.5
1.40
0.35

Table 2. Setup of two scintillometers. 

Upper path Lower path

trans. rec. trans. rec.

location (Fig. 1) KBP MRC MRC COK
height (AGL m) 73 100 67 55
path length (m) 648 823

Fig. 4. Non-dimensional temperature variance as a function of atmospheric 
stability in sector SSW. Circles are measured data for each fetch length. 
The slope of the line is −1/3.

Fig. 2. Height of buildings (m) and definition of four sectors in the analy-
sis. The vertex is the MRC tower. Building GIS data were provided by 
Tokyo Digital Map Corporation.

Fig. 3. Built-to-lot area ratio. Buildings are counted in different fetch 
lengths for each sector (shown in Section 3). The line for London is from 
Ratti et al. (2002).
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similar analysis was applied to other sectors. In sector SSE, d was 
determined as 43 m, which corresponds to an e of 200−600 m. In 
sectors ENE and ESE, there was no significant dependence of d 
on fetch length, and d was determined for e = 200−900 m.

Figure 5 shows the RMSE in fitting Eq. (1) to the measured 
data. The minimum RMSE is on the order of 0.01 for every wind 
sector. Error analyses following Toda and Sugita (2003) revealed 
that the error in resulting d should be 15 m. The relatively gentle 
curve for SSW indicates that the evaluation of d is less robust 
against measurement error in this sector compared to other sec-
tors. 

4. Scintillometer heat flux method

The scintillometer is an optical instrument that measures light 
fluctuation and calculates the surface heat flux using MOS. Simul-
taneous measurement by two scintillometers at different heights 
can determine d assuming a constant flux between the two levels. 
This can be written as

Q z d Q z d QH H a( ) ( ) .1 2- = - +  (2)

Here, zi is the measurement height at ith-level and QH (zi) is the 
heat flux at zi. Qa, which is the heat storage in the airmass between 
two levels, can be evaluated from a time series of measured air 
temperature. Kanda et al. (2002) introduced this scintillometer 
heat flux method (SHM) for a displaced-beams scintillometer and 
measured d in a suburban area of Tokyo. The present study at-
tempted the SHM with a large aperture scintillometer (LAS). One 
of the significant characteristics of the scintillometer is the size 
of the flux source area, which is larger than that of the sonic an-
emometer. Therefore, the d obtained by the SHM should represent 
a larger area than that obtained by the TVM.

The LAS measures fluctuations in the refractive index, and 
thus the structure function coefficient for temperature, CT

2, in the 
air between the transmitter and the receiver. We can obtain the 
heat flux QH by applying the measured CT

2 to MOS. 
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There are two options for measuring QH by the LAS (Lagouarde 
et al. 2006). The first is the mixed convection method, in which 
u* is given by other methods such as turbulence measurements 
with a sonic anemometer. The second, known as the free convec-
tion method, must be applied to the unstable condition (L → −∞), 
where Eq. (3) leads to
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Here, β is the Obukhov-Corrsin constant (0.86), k is the von 
Karman constant (0.4), g is the gravitational acceleration, and Ta is 
the mean air temperature. The mixed convection method requires 
that friction velocity u* be given; it is inadequate for evaluating 
d because d can also be obtained from u* (Grimmond and Oke 
1999). The present study used the free convection method, where 
d was evaluated analytically by Eqs. (2) and (4) for each measure-
ment run. To check the quality of scintillometer measurements in 
the roughness sublayer, the runs used in the analysis satisfied the 
condition that the QH values between the scintillometer and eddy 
covariance methods agree within 20 W m−2.

Figure 6 shows the value of d in each run. Asanuma and 
Iemoto (2007) showed that the free convection method is ap-
plicable to − z /L > 0.5. In our data, d does not appear to depend 
on − z /L in this range. We used runs for which − z /L > 0.5 in the 
analysis. This led to the result that the fetch length in each run was 
less than 900 m. In the TVM, a different fetch length was speci-
fied for each sector (Section 3); on the other hand, we used the 
same fetch length for all sectors in the SHM. This is because the 
scintillometer has a wider source area than the sonic anemometer, 
and because influence of flat sea water was seen in sectors SSE 
and SSW in Fig. 6. 

5. Results and discussions

Although the source areas do not completely overlap between 
the TVM and SHM, their independent evaluations show reason-
able agreement in Fig. 7. This means that either method performs 
well. SHM evaluations show less variation between sectors than 
TVM evaluations, presumably because of the larger source area in 
the scintillometer. Reductions in sectors SSE and SSW might still 
be influenced by the flat sea surface. As noted before, measure-
ment errors make TVM evaluations less reliable, especially in 
sector SSW. 

Table 3. Evaluated d for different values of fetch length e.

e (m) 200–400 200–600 200–900

d (m) 26 18 16

Fig. 5. RMSE of Eq. (1) in TVM.

Fig. 6. d from SHM as a function of atmospheric stability. Note that fetch 
length is smaller at more unstable conditions.

Fig. 7. Zero-plane displacement derived from TVM and SHM. Error bars 
for the TVM were evaluated from the RMSE. Those for the SHM and Hav 
indicate the standard deviation.
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In every sector, values of d exceed the mean building height. 
Some tall buildings that jut above others surrounding them would 
make d larger even if their roof areas are small. d is the point of 
effect for wind drag (Jackson 1981), and a higher wind speed at a 
higher altitude has a greater effect on buildings. Zaki et al. (2011) 
also showed that d is larger than mean roughness height in cano-
pies of heterogeneous height. 

They showed that d increases as σH, increases. However, this 
could not be confirmed in Table 1 and Fig. 7. Changing our point 
of view, we will discuss the representative canopy height (Hcan). In 
a heterogeneous building canopy with height variation, the area-
weighted average building height would be problematic as the 
Hcan. Some other weighting procedures such as those in Ratti et al. 
(2002) should be considered. Here, we attempt to determine Hcan 
from the resultant d. The morphologic evaluation by Macdonald 
et al. (1998) determines normalized d, which in the present case is 
(d/Hcan)MC. Assuming that (d/Hcan)MC is valid for a heterogeneous 
canopy, Hcan is calculated with d obtained by the TVM as

H d
d Hcan

TVM

can MC

=
( / )

.  (5)

Note that the morphologic method by Macdonald et al. (1998) 
was established experimentally in a homogeneous canopy, and 
(d/Hcan)MC can be calculated only from the plane area ratio. The 
assumption here can be reworded as follows: d/Hcan in a hetero-
geneous canopy with height variation is the same as that in a 
homogeneous canopy if the scaling of Hcan is successful in the 
heterogeneous canopy. Table 4 shows the Hcan calculated by Eq. (5). 
Although the resultant Hcan value differs by more than 10 m de-
pending on which method (TVM or SHM) is used, it agrees with 
Hmax, the maximum height in the sector. In sector SSE, the second 
highest building was 65 m, in agreement with Hcan. That Hcan and 
Hmax agree indicates that the representative height of the canopy 
should be at the upper envelope of the canopy and not at the area-
weighted average building height. Hcan varies greatly depending 
on the methodology (TVM or SHM); therefore, the definition of 
the upper envelope may unfortunately be vague in this study. It 
should be somewhat lower than the highest building; for example, 
it might be the 90th percentile of building heights. 

6. Conclusions

The zero-plane displacement height d in cities is often evalu-
ated from building geometries. However, the performance of such 
morphologic methods is rather poor. Based on the hypothesis that 
unevenness of building heights causes this failure, this study mea-
sured d in the Ginza area of down town Tokyo, where the height 
variation of buildings is significant (σH /Hav > 1). Two independent 
methods, the temperature variance and scintillometer heat flux 
methods, were used to evaluate d from measured data. Even when 
the measurement error is considered, the values of d obtained by 
either method exceed the average building height. The representa-
tive canopy height was estimated inversely from the measured d 
and the morphologic method. The height of the canopy envelope, 
rather than the area-weighted average of building height, was sug-
gested as the canopy height.
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Table 4. Summary of Hcan evaluation by Eq. (5).

ENE ESE SSE SSW

(d/Hcan)MC
Hcan (TVM, m)
Hcan (SHM, m)
Hmax (m)

0.72
71
58
68

0.63
94
71
87

0.73
59
56
81

0.61
43
61
66


