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Abstract. To investigate tubulence characteristics and organized motion within and above an urban
canopy, field observations were conducted in July 1991 and November 1992 in Sapporo, Japan. The
measurement heights were 5.4, 10.3, 18, 35 and 45 m above ground; the canopy height was 7 m. The
profiles of o, peakedslightly above the canopy, while o, and 0., had nearly uniform profiles. Vertical
profiles of Reynolds stress —u’w’ peaked slightly at 1.5 times the canopy height and decreased slowly
with height thereafter. A four-quadrant analysis showed that sweep and ejection motions caused high-
velocity fluid from above moves downward toward the surface and low-velocity fluid from below
moves upward. An ensemble-averaging technique was used to isolate typical features of the flow
and temperature fields. A time-height cross-section of velocity vectors and temperature contours
showed details of the flow structures associated with temperature ramps. It has been noted that the
organized motions play important roles in the transport of heat near the urban canopy, where the sweep
motion causes negative temperature fluctuations and the ejection motion causes positive temperature
fluctuations.

1. Introduction

Within an urban area, the many pollutant sources, including motor vehicles and
chimneys, induce serious air pollution problems. The air pollution in urban areas
is primarily emitted into two layers in the lowest part of the atmosphere. One layer,
labeled the “urban canopy layer” by Oke (1976), is below the average height of
buildings. The other layer was designated the “roughness sublayer” by Raupach et
al. (1980), and the “transition layer” by Garratt (1978). The roughness sublayer is
the layer in which roughness elements, such as buildings and trees, have a direct
influence on the flow. The flow in this layer is complex because it is mechanically
and thermally influenced by proximity to canopy elements. The diffusion process
is strongly related to the turbulence structure in the atmosphere. Understanding the
diffusion phenomenon requires a detailed understanding of the turbulence structure
in both the urban canopy layer and the roughness sublayer.

There have been a limited number of observations of turbulence in and above
the urban canopy layer; see, for example, Graham (1968); Bowne and Ball (1970);
Brook (1972); Jackson (1978); Hogstrom et al. (1982); Clarke et al. (1982); Uno et
al. (1988); Rotach (1991); Oikawa (1993); Meng et al. (1993); Rotach (1993a,b);
Roth and Oke (1993); and Roth (1993). The earliest measurements of turbulence
in a city were made by Shiotani and Yamamoto (1950). They used five hot-wire
anemometers on a 60 m tower in Tokyo, Japan, to measure turbulence and showed
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that the magnitude of turbulence intensity was very large and decreased with
height. A similar result was obtained by Graham (1968) using vector vanes, which
recorded the wind velocity along three coordinate axes in Fort Wayne, Indiana. He
reported that the standard deviation of the azimuth angle at a low level at the city
stations was about twice as great as that at rural stations. At the same site, Bowne
and Ball (1970) observed that the ratios of the standard deviation of longitudinal,
lateral, and vertical velocities to the friction velocity in an urban area were slightly
larger than those at a rural site. Jackson (1978) measured turbulence with three-
component propeller anemometers at heights ranging from 10 to 70 m at an urban -
site in Wellington, New Zealand. He found that the Reynolds stress showed a rapid
decrease with height. These studies indicated that massive turbulence exists over
urban areas, and that the turbulence level and the Reynolds stress decrease with
height.

Duckworth and Sandberg (1954) measured the vertical temperature profile at
urban and rural sites and showed that the temperature profile in the center of the city
was nearly neutral at night, and that the noctumal inversion base was three times the
average building height. They explained that the phenomena depended on thermal
and mechanical effects near the surface of the urban site. A more detailed study
of the nocturnal urban boundary layer was made by Uno et al. (1988) in Sapporo,
Japan. They found that a layer of large turbulence and Reynolds stress extended
up to three times the average building height, and that the inversion base over the
urban center was approximately twice the average building height. They concluded
that the formation mechanism of the nocturnal urban boundary layer was controlled
by turbulent generation resulting from the effects of urban building elements rather
than from heat emissions. That study suggested that wake production plays an
important role in the formation of the nocturnal urban boundary layer.

However, a general description of the turbulence structure and organized motion
over an urban site in near-neutral or unstable conditions has been lacking. Mea-
surements near the urban canopy are difficult, and published observational data
are very limited. Moreover, most of the published measurements of turbulence
over urban canopies have been concerned with the behavior of mean turbulence
statistics obtained by using standard statistical methods. Recently, Rotach (1993a),
using four-quadrant analysis, found that momentum transport occurred through
intermittent sweep and ejection events both within the street canyon and at its top.
This implies the existence of organized motion over an urban area.

To clarify the vertical turbulent structure and organized motion within and above
an urban canopy, a field study was conducted using three ultrasonic anemometer-
thermometers at several heights in Sapporo, Japan. In this study, most measure-
ments were taken within the roughness sublayer and, in addition, a small number
of measurements were obtained above the roughness sublayer. This paper presents
the results concerning (i) the turbulent statistics in and above the urban canopy, (ii)
the process of generation of Reynolds stress near the canopy, and the ensemble-
averaged image of the organized motions.
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Fig. 1. Photographic view from the site facing northwest.

2. Observation Site and Experiments
2.1. OBSERVATION SITE

The field study was conducted in Sapporo, Japan, in July 1991 and November
1992. The observation site was located at the northwestern end of a flat portion of
the Ishikari Plain, where there was no distinct elevated terrain within a radius of
about 3 km. Three km to the coast, the Plain fans out in a direction northwest to
northeast. Mountains 1000 m in height wall the Plain from the western edge of the
coast to the south. The site was located 10 km northwest of the center of the city.
Residential dwellings, which are uniformly 7 m high, begin 30 m to the northwest
of the site, and continue 2 km towards the coast. The percentage of area covered by
houses (Ar) over total area (A) was 25%. Observations were conducted whenever
the wind blew from the northwest. Southeast of the site are the soccer grounds of
the Hokkaido Institute of Technology, which extend for 200 m and are bounded by
a row of trees. Figure 1 is a photographic view from the site facing northwest.

2.2. INSTRUMENTATION
Turbulence characteristics were measured by 3-D ultrasonic anemometer-thermo-

meters (Kaijo Denki Co., Ltd., velocity resolution: 0.005 m/s; temperature resolu-
tion: 0.025 °C). The ultrasonic anemometers were calibrated in a wind tunnel. All
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data were collected on a digital recorder (TEAC Co., DR-F1) at a 10 Hz sampling
rate. A 10-min averaging time was used for each run.

In this study, a specially designed ultrasonic anemometer-therrnometer, devel-
oped by Ogawa and Ohara (1982), was mounted on a mobile crane 45 m above the
ground (sometimes 35 m). Although the ultrasonic anemometer is relatively new,
its reliability has been demonstrated in several field studies (Ogawa et al., 1986;
Uno et al., 1988; Ohara et al., 1989). The anemometer sensor package was sus-
pended 5 m from the top of the crane. This was done to prevent flow distortion by
the crane support. The pitch of the anemometer sensor package was adjusted to zero
before each run, and the inclination was measured during the observation period so
that the data could later be corrected for yaw and pitch. The data were transmitted
via an optical fiber cable system. A wind sock indicated the wind direction for the
sensor package so that the latter could continuously face the approaching wind.
This combination of the wind sock and the sensor package minimized possible dis-
tortion of the prevailing winds caused by any shadowing from the ultrasonic sensor
supports. To verify the accuracy of this system, the sensor package was placed
close to the sensor on an 18 m pole. The juxtaposition of these two sensors caused
a systematic difference of 2 to 5% in mean wind speed and standard deviations of
the three wind components.

The ultrasonic sensor (Kaijo TR-61A) positioned at z = 18 m has two ortho-
gonal axes in the horizontal plane and one vertical axis. The partial shadowing of
the acoustic path by the transducers affects the horizontal velocity field, resulting
in underestimation of the wind velocity (Hanafusa et al., 1982; Grant and Watkins,
1989). Field measurements by Grant and Watkins (1989) with the sensor (Kaijo TR-
61A) showed that maximum errors in mean wind speed and standard deviations
of the horizontal wind component were estimated to be between 10 and 20%.
The maximum errors for wind directions occurred around © = 60° (the angle ©
between the wind vector and the center axis of the anemometer corresponds to
flow along one of the measuring paths). However, the error was less than 5% for
wind directions of © = 40°, and negligible for © = 30°, In the present study, wind
directions were selected within © = +40° of the central axis of the anemometer,
and errors were less than approximately 5% for wind speed and standard deviations
of the horizontal wind components. On the other hand, the Kaijo TR-61B ultrasonic
sensors positioned at 5.4 and 10.3 m do not directly cause flow distortion in wind
direction because the ultrasonic transducers do not exit in the horizontal plane. The
errors for this sensor, which occurred as a result of flow disturbance caused by
the three support frames, was less than 5% in all wind directions, as reported by
Hanafusa et al. (1983).

2.3. EXPERIMENTAL SETUP

Figure 2 shows a schematic of the field experimental setup. Ultrasonic probes at 18
and 10.3 m were mounted at the top of each pole, and a probe at 5.4 m was placed
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Fig. 2. Schematic of experimental setup. The ultrasonic anemometers of @, @ and @ were used in
Period A, and those of @, @ and @ were used in Period B.

at the end of a 1 m boom extending northeast from the pole. The data reported
in this study were measured on two separate occasions. In 1991 (Period A), three
ultrasonic anemometer-thermometers were set at heights of 5.4 and 18 m on a pole
and 45 m on a mobile crane to measure turbulence characteristics in and above the
canopy as a whole. Although ideally the crane-mounted ultrasonic sensor should
be set directly over the pole, this would create a hazardous situation in which a fine
optical fiber cable could become entangled with the supporting wires and pole. In
the present study, to avoid contact between the optical fiber cable and the 18 m
pole, the sensor mounted on the mobile crane was set back 15 m from the 18 m
pole in the alongwind direction. The result from the preliminary wind tunnel study
(1:175 scale model) showed a difference of less than 1% in mean wind speed and
the standard deviations of the two wind components between the pole and crane
sensor positioned at z = 45 m (z = 25.7 cm in the wind tunnel). In 1992 (Period
B), the three ultrasonic anemometer-thermometers were set up at 5.4, 10.3 and 18
m on the poles to clarify the organized motion near the canopy. To examine the
lateral configuration of organized structure, the 10.3 m pole was set at a position
with a 18.7 m lateral distance from the 18 m pole. Considering that the upwind
terrain was such that it could be regarded as two-dimensional, mean wind speed
and turbulence statistics obtained with the two poles at different lateral locations
were analyzed as though they were obtained from one position. The result of the
preliminary wind tunnel study showed a difference of less than 1% in mean wind
speed and turbulence statistics between the two poles positioned at heights of
z = 10.3m (z = 5.8 cm in the wind tunnel).
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TABLE1
Summary of field experiment conditions (values are the average of 9 runs)
Date z U Ou O Ow U s w'g’ L
(m) (m/s) (m/s) (m/s) (m/s) (mfs) (m/s-K) (m)
Period A July 1991 450 3.8 072 082 0.68 041 0.12 —44
180 3.3 096 091 067 054 0.17 —68
54 23 094 097 061 049 0.14 —61
Period B Nov. 1992 18.0 5.7 1.29 125 076 060 0.08 —190
103 37 149 117 075 064 - -
54 29 126 1.13 071 054 0.06 —185

2.4. OBSERVATION PERIOD AND ATMOSPHERIC CONDITIONS

Period A was conducted from July 9-13, 1991, for a total of 30 hours over five
days. From the 9th to the 11th, five hours of data were collected from the ultrasonic
anemometer mounted on the mobile crane. Period B measurements were conducted
for a total of 22 hours over the period November 11-13, 1992,

Atmospheric conditions and turbulence properties during these two periods are
shown in Table I. Here, z is the height above ground, and 2’ = z — d, where
d is the zero-plane displacement. The zero-plane displacement d (= 2.3 m) was
calculated using the method described by Counihan (1971), where U is the mean
horizontal wind speed, and o, 0, and o, are the standard deviations of the fluc-
tuating velocity components along the alongwind (z), crosswind (y), and vertical
(2) directions, respectively. The friction velocity u. was derived from the eddy
correlation measurements, with u, = /—u/w’; and L is the Monin—Obukhov sta-
bility length, I. = —ui To/ kgw'6’, where 8’ is temperature fluctuation, « is the von
Karman constant (0.41), Tp is the potential temperature, and g is the acceleration
due to gravity. Observations were conducted mainly during daytime on both clear
and cloudy days. Atmospheric conditions were slightly unstable, where the values
of 2//L at z = 18 m were —0.23 and —0.08 for Periods A and B, respectively.

In order to compare observations at different periods, a friction velocity w.,
measured at z = 18 m for a reference velocity was defined. This level was lit-
tle disturbed by the individual roughness elements and represents the roughness
sublayer (see Section 3). Table II provides a summary of the data used for the spec-
tral analysis and for investigating the ensemble-averaged image of the organized
motion.
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TABLE II

Summary of data used for the spectral analysis and for investigating the ensem-
ble-averaged image of the organized motion (at height z = 18 m)

Date Run Observation U U w'g’ L
period (mfs) (m/s) (mfs-K) (m)
Nov. 11,1992 BO1 1325-1335 7.1 0.67 0.08 —250
(Period B) B02 1345-1355 7.4 0.89 0.10 —478
B03 1355-1405 6.7 0.58 0.04 —320
B04 1405-1415 7.2 0.76  0.06 —552
BO5 1433-1443 74 0.60 0.03 —515

3. Results of Turbulent Statistical Analysis
3.1. VERTICAL PROFILES OF MEAN VELOCITY AND TURBULENCE STATISTICS

In the wind tunnel, the measurement of turbulence characteristics within and above
the canopy is very difficult because of the high intensity of turbulence. The conven-
tional X -wire probe anemometers for turbulence measurement in the wind tunnel
cannot give reasonable accuracy when the turbulence intensities are larger than
0.3 (Tutu and Chevray, 1975). Recently, the quality of measurement of —u’w’ has
improved with the use of coplanar triple-wire probes. This type of probe has an
acceptance angle close to £90° and performs satisfactorily when o, /U is 0.5 or
higher (Raupach et al., 1986). A recent review (Raupach, 1989) showed a clear
picture of canopy turbulence. The data came from seven different plant canopies:
two forests, two corn crops and three wind tunnel model plant canopies. Even
though the canopies varied widely, the flow structure had well-deflned features in
common. However, very few studies deal with observed turbulence profiles over
built-up surfaces.

Figure 3(a) shows mean wind speed profiles, plotted against normalized height
z/h (h = 7 m, where h is the canopy height). The circles (Period A) and squares
(Period B) represent the average of nine runs; the error bars represent the standard
error. The two dashed and dotted lines in Figure 3(a) represent non-neutral wind
profiles calculated by the equation U/u. = (1/&){In(z'/2) — ¥(2'/ L)}, where
¥(2'/L) is the Monin—Obukhov function, zg is the roughness length (=0.45 m)
which is assessed using the method described by Lettau (1969), and L is the
Monin—-Obukhov stability length measured at z = 18 m from Periods A and B.
The calculated wind profiles appear to display the same tendency as those found
in the present study, although the value of U/u, at z = 18 m in Period B was
slightly larger than the calculated value. The differences in the data between the
two periods can be explained by the disparity in stability.
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Fig. 3. The profiles of normalized (a) wind speed, (b) o, (c) 0, and (d) &,. The circles (Period A)
and squares (Period B) were the average of 9 runs and the triangles (Period A) were the average of
3 runs. The error bars represent the standard error. The dash and dot lines in (a) denoted the mean
wind profiles calculated by the equation of U/ux = (1/k){In(2"/20) — ¥(2'/L)}. In (b)~(d), the
dashed curves were drawn by eye, the heavy solid lines represent wind tunnel data (2 = 60 mm) from

- Raupach (1989), and the thin solid lines represent the urban canyon data (k = 18.3 m) from Rotach
(1991, 1993a).

Figure 3(b)-3(d) presents vertical profiles of the standard deviation of the velo-
city components normalized by the friction velocity w., at 18 m. The heavy solid
lines shown in Figure 3(b)-3(d) represent wind tunnel data (-~ = 60 mm) from
Raupach (1989), and the thin solid lines show urban canyon data (A = 18.3 m)
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from Rotach (1991, 1993a) observed in the city center of Ziirich, Switzerland. The
profiles of velocity fluctuation o, and o,, had nearly uniform profiles; on the other
hand, the profiles of ¢, had a broad peak above the canopy and attenuated with
height thereafter. The values of o, /u. between Periods A and B agree very well,
but the value of 0, /u, and o, /u. between both periods did not. The results may be
attributable to the fact that the values of o, /u. and o, /u, are generally marked by
considerable scatter even in the homogeneous surface layer. Panofsky and Dutton
(1984) recommended values of 2.4, 1.9 and 1.25 for o, /u., o, /s and o,/ u,,
respectlvely, in neutral conditions and flat terrain. The values above the canopy
in the present study correspond approximately with these recommended values.
The profiles of turbulence observed in the present study also agree with those from
wind tunnel studies. However, Rotach’s data show lower values. The reason for
this difference might be attributable to overestimation of his reference Us, -

Figure 4 illustrates the Reynolds stress profile normalized by u2_. The profile
of momentum flux peaked slightly at 1.5 times the canopy height and decreased
slowly with height thereafter. The profiles of Reynolds stress measured in the wind
tunnel study over the plant canopies indicated a constant value above the canopy,
even with a wide range of plant canopy types (Raupach,1989). For comparison,
Raupach’s wind tunnel data and Rotach’s data in an urban canyon are also shown
in this figure as a heavy solid line and a thin solid line, respectively. In the present
study, Reynolds stress had a value similar to Raupach’s results. However, the
data observed by Rotach show lower values compared to the present data and other
canopy data. This may be attributable to the use of his reference u.., (at z/h = 2.07,
z = 38 m), which was not measured directly and was estimated from the equation
Uy, = k2'(dU/d2")/(®,(2'/L)), where ®,,(z'/ L) is the semi-empirical function
for dimensionless wind shear. In this equation, the gradient of the mean wind speed
was computed by the data at the end of the measured wind profiles. Since the wind
velocity field on the roof was strongly influenced by buildings, the reference w,,
may not be correctly estimated using this equation. It is highly possible that u,,
was overestimated, especially considering that the data were shifted towards lower
values compared to the present data and other canopy data. Rotach concluded that
the Reynolds stress values in an urban roughness sublayer increased with height
when based on the measurement height range of about 1.5 times the canopy height.
However, this conclusion should be applicable only near the canopy.

3.2. NORMALIZED VELOCITY AND TEMPERATURE FLUCTUATIONS

According to Monin—Obukhov similarity theory, the normalized standard deviation
of velocity and temperature fluctuations within the surface layer can be described
as a function of (z/L):

au,v,w/u* = fu,v,w(z/L)a GG/T* = fg(Z/L) | (1)
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Fig. 4. The normalized Reynolds stress profiles. The dashed curve was drawn by eye. The details of
the symbols and the line follow Figure 3(b)-(d).

where f, v.w,6(2/L) are the corresponding universal similarity functions, and
T, = —w'6’/u, is the friction temperature. Though the Monin-Obukhov simi-
larity theory is only applicable in the homogeneous surface layer, it is also used in
the roughness sublayer because of the absence of a suitable framework.

Figure 5 shows the normalized standard deviation of the velocity and tempera-
ture fluctuations from near-neutral to unstable conditions. In this figure, u, and L
are taken as local values, in light of the suggestion by Hogstrom et al. (1982) that
local scaling was appropriate for the urban roughness sublayer. The data of 7.,/ u.
and o,/ u, above the canopy, at z = 18 m, are found to be close to the (—z'/L)!/3
similarity prediction for —z’/L > 0.4 with considerable scatter, as observed by
Steyn (1982) and Roth (1993). Within the canopy, at z = 5.4 m, the same tendency
was found as that at z = 18 m, but the trend was obscure because of a lack of
data at the large instability value. The values of 0, /u. at z = 18 m were slightly
lower than the relationship for an urban site (Ar/A = 25%, h = 5.5 m, z = 31 m)
predicted by Clarke et al. (1982), while the values of o, /u. at z = 5.4 m were
slightly higher than those found by Clarke et al.

The o, / u. data within and above the canopy (Figure 5(c)) corresponded closely
to (—2'/L)1/3 for —2'/L > 0.3 as predicted by the similarity theory, and their
magnitudes were slightly higher than the values reported by Clarke er al. The



TURBULENCE CHARACTERISTICS AND ORGANIZED MOTION 299

10 : I LR llllll 1 LR AL T VTTTT
- o z=18m w ]
3 i . z=54m . .
:J . L] L[] O°° i
L mbeadbsrading B o a8 T 113
o . u.‘.w‘ﬂuﬁét&%&r % 4
1 k -
- (@)
R NNET L4 1t AN R
10 [ T T
: --------- Clarke et al. 1.63(1-2.6z/L)13 . ]
3 . ; g
S L .
6 . .
1k
o (b) 1
N L1 1111 R R L1ty
10_ T T T FTrrer 1 T T mTrrrrr 1 T T TTTT

e Clarke etal. 1.16(1-1.22'/L)1/3

2 I 173+ s
bg . 0/
i (R o™ e .c‘:o :'W_,.e-o """"" h
-..1!.?‘.-. e -m°@m‘ =TT
"E (O
C L1 it L BN EETE
3 [ -
- o .."’ ° g
* L3 .‘m
I-: 1 ™ 5%
N
| .
BEERREEEEEE Wyngaard et al. 0.95(-z/L)1/3 ]
0'1 1 1 l']llll i 1 lllllll 1 1 [ R
0.01 0.1 1 10

-Z'/L

Fig. 5. Normalized velocity and temperature fluctuations under unstable conditions (100 runs in
Period A). The solid lines represent the predicted slope of Monin-Obukhov similarity. (a) longitudinal
velocity fluctuations (b) lateral velocity fluctuations (c) vertical velocity fluctuations (d) temperature
fluctuations.

0w/ ux data above the canopy were slightly smaller than within the canopy, as
observed in Rotach’s study (1993b) above a street canyon. He found that the
0w/ ux data at z = 28 m were lower than those at 2 = 23 m. Extrapolating the
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0w/ uxdatato 2’/ L = Oresults in a value of approximately 1.3 at z = 18 mand 1.4
at z = 5.4 m, in satisfactory agreement with most suburban and urban observations
(e.g., Bowne and Ball, 1970:1.3; Hogstrom et al., 1982: 1.5; Clarke et al., 1982:
1.2; Roth, 1993: 1.2).

The slope of oy /T, within and above the canopy (Figure 5(d)) was approxi-
mately proportional to (—z'/L)~1/3 for —2’/L > 0.4, as predicted by similarity
theory. The values of 4 /7 at z = 18 m were slightly higher than those observed
by Wyngard et al. (1971) for a uniform fetch and Roth (1993) for a suburban
site.

As mentioned above, the normalized standard deviation of three fluctuating
velocity components and the temperature fluctuations above and within the canopy
correspond approximately to the predicted slope of Monin—Obukhov similarity the-
ory under unstable conditions. The magnitudes of the normalized standard deviation
of the three velocity fluctuations above the canopy (at z = 18 m) were system-
atically smaller than those within the canopy (at z = 5.4 m), while temperature
fluctuation data above the canopy were higher than within the canopy.

3.3. ENERGY SPECTRA

Spectral data obtained in the roughness sublayer are very limited in the literature.
The urban and suburban data at a more elevated height, obtained by Hogstrom
et al. (1982), Clarke et al. (1982), and Roth and Oke (1993), differ slightly from
those obtained over an ideal surface. In this study, the power spectra of velocity
components (u, w) were calculated by the Fast-Fourier Transform (FFT) method
using consecutive 4096 data points. The spectral plots were smoothed by the block-
averaging method proposed by Kaimal and Gaynor (1983). In order to reduce the
influence of aliasing, the several highest frequencies were not included in the
analysis. Figure 6 shows normalized spectra against a non-dimensional frequency
f = nz' /U (where n is the natural frequency in Hz) of the longitudinal and vertical
velocity components for an average of five runs (B01-B05). The suburban results
shown in the figures are those of Roth and Oke (1993) in Vancouver (at 2’ = 19
m).

The u spectra at heights of 5.4 and 18 m are shown in Figure 6(a). A —2/3
slope in the inertial subrange, predicted by Kolmogorov’s hypothesis, was almost
attained. Comparing the reference data, however, the data at 18 m shifted slightly
to the lower frequency range. Above the canopy, at z = 18 m, the highest spectrum
value was found at about f = 0.04, with a possible range of f = 0.01 ~ 0.05, and
a prominent dip at f = 0.06. Although within the canopy, at z = 5.4 m, the dip
at the low frequency range made determination of a peak frequency difficult, the u
spectra had a broad peak in the range f = 0.01 ~ 0.05.

The w spectra at heights of 5.4 and 18 m (Figure 6(b)) correspond approximately
to the —2/3 slope in the inertial subrange. At z = 18 m, the peak of the w spectrum
was broadened at the range of f = 0.1 ~ 0.4, and a prominent dip appeared at
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Fig. 6. The normalized spectra of (a) » and (b) w for the average of Runs BO1-B05. The lines are
data from Roth and Oke (1993).

f = 0.05. The peak of the w spectrum at z = 5.4 m appeared in the range of
f = 0.08 ~ 0.3. The shape of the w spectrum at z = 5.4 m was similar to that of
the reference curve, while the shape at z = 18 m appears to shift slightly towards
a higher frequency region in comparison to the reference curve. Note that the w
spectra at z = 18 m had a dip at approximately the same frequency as that found
for the u spectrum.

The dips appearing in the range f = 0.05 ~ 0.06 in the present study were
approximately equivalent to n = 0.02 Hz, which in turn gave a period of T’ =
1/n = 50 s. This frequency (0.02 Hz) was lower than the natural frequency (0.18
Hz) of the mast calculated using the cantilevered model with a lumped mass at
the tip. This indicates that the supporting system did not contribute to the dip.
In fact, the frequency of dips nearly corresponded to the frequency of production
of the larger Reynolds stress generated by the sweep and ejection motions (see
Figure 8), implying that these dips may be related to organized motions. Spectra at
comparable heights over the roughness sublayer are very limited in the literature.
Rotach’s study (1991) at a small elevation z/h (=1.27) above a street canyon
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showed a pronounced dip at f = 0.04 in the u-spectra, which was similar to that
found in the present study.

4. Organized Motion
4.1. QUADRANT ANALYSIS

Organized structures have been identified and studied in various turbulent flow
conditions (Kline et al., 1967; Grass, 1971; Antonia et al., 1979; Gao et al.,
1989), and various quantitative methods for identification of turbulent structures
have been developed. One of these is quadrant analysis (Wallace et al., 1972;
Lu and Willmarth, 1973). In quadrant analysis, u/w’ is divided into four different
quadrants. Quadrants two and four, representing ejection and sweep, respectively,
make positive contributions to the Reynolds stress, while quadrants one and three
make negative contributions.

In a laboratory study, Nakagawa and Nezu (1977) recorded several significant
findings using open-channel water flow over glass bead roughness. They found that
sweep events were more important than ejection events for momentum transfer
close to a rough wall, and also that the sweep-to-ejection ratio increased with
decreasing height and increasing roughness. In a vegetated canopy, Finnigan (1979)
observed that ejection was negligible within the canopy of a uniform wheat crop
but that ejection began to increase above the canopy. However, with the exception
of Rotach (1993a), few observations have been made of sweep and ejection events
in an urban canopy.

Figure 7 shows the time variation of velocity fluctuations ', w’, the instanta-
neous Reynolds stress —u’w’, and the temperature fluctuation 6’ at the 5.4 and 18
m heights. Run (B02) was conducted from 1345 to 1355 JST in November 1992
under slightly unstable conditions (L = —478 m at z = 18 m). The plots were
smoothed by a 1-s running average. The positive instantaneous Reynolds stress
—u'w’ > 0 occurred at almost the same time at the 5.4 and 18 m levels. In the
sweep event (u’ > 0,w’ < 0), high-velocity fluid from above moved downward
towards the surface, and cold air swept down from above the canopy, causing a neg-
ative temperature fluctuation. Conversely, in the ejection event (¢’ < 0,w" > 0),
low-velocity fluid from below moved upward, and warm air ejected up from the
canopy caused a positive temperature fluctuation. Figure 8 shows the data at 18
m smoothed by a long running average. The sweep and ejection events occurred
periodically at 100 s intervals.

A stress fraction, S;, which is the conditionally averaged stress —(u/w’); in i
quadrant normalized by the total mean averaged Reynolds stress —uw’, is defined
in the equation S; = (u'w’);/uw/w’. Figure 9 shows the relationship between the
skewnesses (Sk(u) = u'3 /03, Sk(w) = w'3/03)) and the difference AS(= 54 —
S,) between sweep and ejections fractions for 100 runs at z = 5.4 and 18 m.
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Fig. 7. Time series of fluctuating ', w’, —u'w’ and " at 18 and 5.4 m heights during 10 min of
Run B02. The arrows show sweep and ejection motions.

Occurrences of ejection appear much greater than of sweep above the canopy,
while in the canopy, occurrences of sweep appear greater than ejection. It was
found that the skewness is approximately proportional to AS. This suggests that a
skewed distribution of the longitudinal and vertical velocity components resulted
from sweep and ejection motions.

Figure 10(a) illustrates the profiles of —(u'w’);/u2 , which were averaged
in Periods A and B. The values of the sweep and ejection events, which make
a positive contribution to the Reynolds stress, were larger than the interaction
events. It is obvious that both of these typical motions above the canopy caused
the higher layer of Reynolds stress. This result helps to explain the process of
generation of Reynolds stress near the canopy. Figure 10(b) shows a ratio of 54/,
for momentum transfer by sweeps to that by ejections. The heavy and thin solid
lines represent wind tunnel data (b = 60 mm) from Raupach (1989) and urban
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canyon data (A = 18.3 m) from Rotach (1993a), respectively. The ratio S4/.5,
generally decreased with increasing height. The data in the present study near
the canopy were found to be close to the data found in rough-wall wind tunnel
studies.

The height of the roughness sublayer, 2., depends on the roughness elements and
their spatial distribution: z, can be described in terms of 4 (canopy height), D (the
separation distance of roughness elements) and 2 (the roughness length). A wind
tunnel study (Raupach et al., 1980) showed that z, = h + 1.5D, and field studies
above plant canopies showed 2, = 3 ~ 4.5h (Garratt, 1978) or z, = 35 ~ 150 z
(Garratt, 1980). However, there have not been any observations performed at the
height of the roughness sublayer in an urban canopy. In the present study, profiles
of sweep and ejection show that an upper height limit of organized motion exists
at about 3—4 h, when based upon the momentum flux attenuating with a height of
about 30 m thereafter. It is believed that this height is equivalent to the upper height
limit of the roughness sublayer in which roughness elements, such as buildings and
trees, have a direct influence on the flow.
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4.2. FLOW AND TEMPERATURE FIELDS OF RAMP STRUCTURE

A typical temperature ramp feature is characterized by a gradual rise in temperature
followed by a relatively sudden drop. Antonia et al. (1979) concluded that ramp-
jump temperature structures should be interpreted as the signature of organized,
large-scale, shear-driven motion, rather than as a result of the buoyancy field. Direct
observations of ramp structures for velocity or temperature fields within and above
vegetated canopies were obtained by Bergstrom and Hogstrom (1989) and Gao et
al. (1989). The data obtained by Gao et al. (1989) revealed periods when a large
number of ramp patterns appeared repeatedly in the time series of temperature and
humidity. The ramps occurred at nearly the same time at several levels both within
and above the canopy. Flow fields associated with these ramps, displayed by a
time-height cross-section of scalar contours and velocity vectors, showed strong
organization. However, there are no observations of temperature ramps in an urban
roughness sublayer. In the present study, data from sonic anemometers in and above
the canopy were analyzed in a manner similar to that of Gao et al. (1989).

An example of ramp events is shown in Figure 7 (at a range between 440
and 500 s). The temperature variation follows distinct ramp patterns characterized
by a gradual rise and terminated by a sharp drop of about 0.8 °C over 1 to 3 s.
The ramps occur nearly simultaneously at the 5.4 and 18 m levels. The ensemble-
averaging technique was used to isolate typical features of the flow and temperature
fields for a relatively large number of events in and above the urban canopy. An
instantaneous quantity, .9, in the flow is decomposed into a mean or synoptic value
S, alarge-scale component including ramp events §, and a high-frequency random
turbulent component s” in the triple decomposition scheme proposed by Reynolds
and Hussain (1972), as

S=854s=85+5+5". )

Following Gao et al. (1989), the synoptic values were removed by subtracting a
10-min running average of the wind and temperature components. By ensemble
averaging of a number of ramps, the effect of smaller scale random turbulence
was diminished and the organized motions more easily seen. First, the individual
ramp events were subjectively identified in the rapid temperature drop at the 18 m

“height. Next, the temperature and velocity data, centered on the sharp temperature
decrease, were recorded at all levels and averaged. No attempt was made to adjust
time scales to match ramps of different duration. Analysis was performed on a total
of 10 ramp events during a 40-min period (Runs B02-B05).

Figure 11 shows an example of the ensemble-averaged @, @ and 6 derived
from 10 sampling data sets. The ramp is associated with velocity fields; that is,
an upward vertical velocity is generally found in the interior of the ramp, while
the surrounding area is dominated by downward motion. The horizontal scale of
the organized motion was approximately 380 m, calculated from the period of
organized motion (80 s) and wind speed (4.8 m/s) at 10.3 m. The ramp downdraft
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Fig. 11. Ensemble-averaged &, @ and 6 at z = 18 m derived from 10 sampling data sets.

length in this case was approximately half that of the horizontal scale of the
organized motion (190 m). Bergstrom and Hogstrom (1989) observed organized
motions above a forest (b = 20 m) and estimated the ramp downdraft length in
the range 38 to 1012 m, with a mean value of 238 m. This horizontal scale appears
to agree in order of magnitude with the horizontal scale (190 m) observed in the
present study.

Figure 12 shows the ensemble-averaged fluctuating %, w velocity and tempera-
ture fields at 5.4, 10.3 and 18 m. The velocity vectors are plotted in the (-1, z) plane
and the data at 10.3 m are shown by dotted arrows because the data were obtained
at a location different from that of the other two ultrasonic anemometers. With the
frozen-field approximation, the —¢ horizontal axis corresponds to the +2 axis, so
the ensemble-averaged image of organized motions in the z z-plane can be seen in
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Fig. 12. The vertical cross-section of the ensemble-averaged fluctuating velocity and temperature
fields from 10 events. The data at 10.3 m are shown by the dotted arrows. Solid and dashed lines
indicate isotherms above and below the mean. Contour interval is 0.05°C.

this figure. Although the 10.3 m mast was positioned at a 18.7 m lateral distance
from the 18 m mast, the time series observed at the two positions showed strong
correlation. The sweep and ejection motions occurred at almost the same time, and
the space correlation coefficient was 0.8 for longitudinal velocity fluctuations (20 s
running average) at 18 and 10.3 m. The result implies that the organized structure
near the urban canopy has a lateral expansion.

The formation mechanism of organized structure in and above the canopy was
explained by Raupach et al. (1989); that is, organized structure generated in and
above the canopy was induced by an inflection point instability of the velocity
profile because of the canopy. Recently, Kanda and Hino (1994) used a large eddy
simulation model to calculate the turbulent flow within and above a plant canopy.
They also suggested that the organized structures generated at the boundary were
induced by the shear instability at inflection points of the velocity profile.

The temperature contours superimposed on the velocity vector field are shown
in Figure 12. Dashed and solid lines show isotherms below and above the mean
value, respectively, at contour intervals of 0.05 °C. The shift in the sign of vertical
velocity occurs almost simultaneously within and above the canopy, in contrast
with the passage of the thermal microfront. A zero line separates the field into
regions of updraft and downdraft, in which appear positive and negative tempera-
ture fluctuations, respectively. As a result, a positive heat flux was created, and the
temperature field was made uniform. It is clear that the organized motion found in
the present study plays an important role in the transport of heat in and above the
urban canopy, where the sweep motion caused a negative temperature fluctuation
and the ejection motion caused a positive temperature fluctuation.

In general, an urban atmosphere does not experience a strong diurnal change
in stability, because a well-mixed urban layer tends to destroy strong temperature
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gradients (Oke, 1987). In the present study, an unstable condition in the upper
layer above the canopy (2'/L = —0.97 at z = 45 m) was observed but, near the
canopy, slightly unstable and near-neutral conditions (2'/L = —0.23 at z = 18 m;

Z'/L = —0.05 at z = 5.4 m) were observed. Decreasing unstable conditions with
decreasing height in an urban atmosphere can be explained by mechamcal mixing
caused by the organized motions.

5. Summary

Turbulent properties and organized motions in a suburban roughness sublayer were
observed during a field study performed in Sapporo, Japan. It was found that:

(1) The profiles of o, had a broad peak above the canopy, while ¢, and o, had
nearly uniform profiles. Vertical profiles of Reynolds stress, —u’w’, peaked slightly
at 1.5 times the canopy height and decreased slowly with height thereafter.

(2) The normalized standard deviation of three fluctuating velocity components
and the temperature fluctuation above and within the canopy correspond approx-
imately to the predicted slope of the Monin—Obukhov similarity theory under
unstable conditions. The magnitudes of the normalized standard deviation of the
three velocity fluctuations above the canopy (at z = 18 m) were systematically
smaller than those within the canopy (at z = 5.4 m), while temperature fluctuation
data above the canopy were higher than those within the canopy.

(3) The v and w spectra at heights of 5.4 and 18 m showed that the —2/3 slope in
the inertial subrange, predicted by Kolmogorov’s hypothesis, was almost attained.
The peaks of the v and w spectra within and above the canopy were broadened in
the range of f = 0.01 ~ 0.05 and f = 0.08 ~ 0.4, respectively.

(4) Using a four-quadrant analysis, it was found that the higher layer of Reynolds
stress above the canopy was caused by sweep events (v’ > 0,w’ < 0) in which
high-velocity fluid from above moves downward towards the surface, and by
ejection events (¢ < 0,w’ > 0) in which low-velocity fluid from below moves
upward.

(5) A time-height cross-section of the velocity vectors and the temperature
contours, obtained by using an ensemble-averaging technique, showed details of
the flow structures associated with the temperature ramps. The result demonstrates
that the shift in the sign of vertical velocity occurs almost simultaneously within
and above the canopy, in contrast with the passage of the thermal microfront. There
is a sweep motion behind the microfront and an ejection motion ahead of it. The
updraft and downdraft motions caused by the organized motion play important
roles in the transport of heat near the urban canopy, where the sweep motion causes
negative temperature fluctuations and the ejection motion causes positive ones.
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