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1. INTRODUCTION

It is important to investigate the characteristics of
turbulent organized structure (TOS) developed in near
surface layer since it is considered to control the
vertical exchange processes of momentum, heat and
other scalars between the ground surface and
atmosphere (e.g., Wilczak and Tillman, 1980). Many
studies have investigated the nature of TOS using
numerical simulation, wind-tunnel experiment and
outdoor experiment. Adrian et al. (2000) expected
from their wind tunnel experiment that the
predominant structures within the inertial and outer
layer over flat walls are represented by very large
low-speed streaks with packets of hairpin vortices.
Inagaki and Kanda (2010) also observed a streaky
structure of low momentum region in the outdoor
reduced urban scale model experiment (COSMO).
Although these streaky structures with orderly
different sizes seem to be qualitatively similar, such
similarity has not been vilified quantitatively yet.

We conducted Coherent Doppler lidar (CDL)
observations over Sendai Airport on June 2007 using
two lidars; one is developed by Electronic Navigation
Research Institute (ENRI) and another is by National
Institute of Information and Communications
Technology (NICT). Doppler lidar enables us to
observe the wind field on a slice of several kilometers
radius. Therefore, it can detect larger scale structures
than in the conventional experimental approaches
(e.g, Newsom et al. 2008; Iwai et al. 2008).

In this study, we detected the turbulent structures
developed above the real urban boundary layer and
examine their predominant length scale by comparing
with the observation in the outdoor scale model
experiment (Inagaki 2008) which has smaller fetch
and roughness length.
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2. OBSERVATIONS
2.1 Site Description

This experiment was conducted in Sendai Airport
which is located in Natori, Miyagi, facing the Pacific
Ocean (38.14°N, 140.92°E). Therefore, the regional
flow field is usually affected by sea breeze.

ENRI lidar (Komatsubara and Kaku 2005) and
NICT lidar (Ishii et al. 2007) were stationed on the
rooftop of ENRI's lwanuma branch building (16.7m
above the ground) at 2.5 km west and 4 km west from
the Pacific coast, respectively (Fig. 1).

2.2 Data Processing

The atmospheric observation was conducted at
Sendai airport from 9 to 20 June 2007. ENRI lidar
operates at an eye-safe wavelength of 1.54 um, with
0.2 mJ pulse energy, at a pulse repetition frequency
(PRF) of 4 kHz. It has a range resolution of 29.9 m,
and minimum and maximum ranges are 80 m and up
to 2.5 km, respectively. NICT lidar operates at an
eye-safe wavelength of 2.012 pm, with 7 mJ pulse
energy, at a PRF of 100 Hz. It has a range resolution
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Fig.1 Observation site. Measurement range of ENRI
Lidar is circled in the figure.



Table 1 Specification of ENRI Lidar and NICT Lidar

ENRI NICT
. ) Mitsubishi Electric Coherent
Transceiver unit )
Corp. Technologies Inc.
Scanner control & data | Mitsubishi Electric
) NICT
processing system Corp.
wave length 1.54 ym 2.012 ym
pulse energy 0.2 mJ/pulse 7 mJ/pulse
pulse repetition frequency 4 kHz 100 Hz
accumulated shot number 500 50
range resolution 299m 90 m
minimun range 80.0 m 315 m
miaximum range 2472 km ~10 km
scan rate 6.0 deg/sec 0.4 deg/sec

of 90 m, and minimum and maximum ranges are 315
m and up to 10 km, respectively. The radial velocity
and signal-to-noise ratio (SNR) in each range were
determined as the averages over 500 laser pulses for
ENRI lidar and 50 laser pulse for NICT lidar. Table 1
shows the list of the specification of above two lidars.

ENRI lidar performed full 360 degree
Constant-Altitude Plan Position Indicator (CAPPI)
scans at elevation angles from 0.5 to 5.0 degree in 0.5
degree increments in the day time. In order to focus
on the structure of TOS near the surface, the PPI scan
data at elevation angle of 1.0 degree (from 22.0 to
48.6 m above the ground) were used on June during
13:01 to 14:26 JST (every 12 min scan). NICT lidar
performed the 135 degree azimuth Range Height
Indicator (RHI) scan (i.e., parallel to the sea breeze
flow) at almost same time as the ENRI lidar
observation (19 June 12:39-12:47 JST).

In this experiment, the atmospheric stability was
slightly unstable (Ilwai et al. 2008), which was
estimated from the vertical profiles of the wind velocity
and air temperature measured by the heliborne
sensors of Japan Aerospace Exploration Agency
(JAXA) (Okuno et al. 2002; Matayoshi et al. 2005).

3. RESULTS

3.1 Horizontal distribution of radial velocity
fluctuation

Figure 2 (a) shows the radial velocity observed by
PPl scan at 13:01, in which positive velocities indicate
the flow away from the lidar, and negative velocity
indicates the flow come close to the lidar. At this time,
the winds blow from the southeast (136 degree
azimuth) at 5.7 m s™. This flow field is driven by the
sea breeze from the Pacific Ocean.

To extract the turbulent structures from the
datasets of PPI scans, radial velocity fluctuations are
calculated by subtracting the mean radial velocity,
which is estimated from the Velocity Azimuth Display
(VAD) method, from the radial velocity (Fig. 2 (b)).
The horizontal distribution of the radial velocity
fluctuations shows the existence of the streaky
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Fig.2 Horizontal distribution of (a) radial velocity,
(b) radial velocity fluctuation and (c) rSNR

observed by PPI scan at 13:01 JST.
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Fig.3 The spanwise distribution of radial velocity fluctuation at 800 m leeward from ENRI lidar (O-L line in
Fig. 2 (b)). Gray and bold lines indicate the raw values and the interpolated values using Cressman

scheme, respectively.
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Fig.4 Two-point correlation coefficient of radial velocity
plotted in the separation distance along the
spanwise direction at 13:01 JST (bold line), and that
from the ensemble average of all PPl scans data
from 13:01 to 14:26 JST.
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structures elongated along the streamwise direction.

Similarity, figure 2 (c) shows the fluctuations of
the range collected SNR (hereafter rSNR), which are
calculated from the following two steps; (1) subtracting
mean rSNR averaged in a same radius, (2)
subtracting mean rSNR averaged in a range direction,
from the observed rSNR. The resulted rSNR
distribution also shows the streaky structure as well as
the radial velocity fluctuations.

3.2 The intervals of the streaks

In this study, we focused on the intervals of the
streak structures as one of the quantitative
characteristics of the turbulent structure.

Figure 3 shows the spanwise distribution of the
fluctuation velocity at 800 m leeward from ENRI lidar
(O-L line in Fig. 2 (b)). Since the data points of the
measurement is not aligned along straight line of the
spanwise direction, this data was interpolated using a
Cressman scheme (Cressman 1959). In this figure,
the gray line is the distribution of radial velocity
fluctuation using the nearest values from the spanwise
straight line, and the bold line is the one interpolated
on the line. The setting of a Cressman grid in this
analysis was 50 m horizontal grid spacing and 40 m
height of the horizontal plane. Based on this
interpolated datasets, the intervals of the streaks were
estimated by a two-point correlation analysis:

R(dx) = — u'ix@ix+dxi , 1)
\/u'z(x)\/u’z(x + dx)
where x is a location; dx is the distance between

the two measurement points; «' is the radial velocity
fluctuations; " means the ensemble average.

The solid line in Fig. 4 indicates the two-point
correlation coefficient of the interpolated radial velocity
fluctuation plotted on the separation distance along
the spanwise direction. There are correlation peaks at
specific separation distances which would indicate the
intervals of the streaks seen in Fig. 3. The intervals of
the streaks were estimated about 400 m. The second
peek seen at about 800 m would be the harmonic
component of the primal peak. The calculated
two-point correlation coefficients were ensemble
averaged among all PPl scans data obtained from
13:01 to 14:26 JST. This also resulted that the primal
peak is appeared at 400 m separation distance.

The same analysis was conducted also for the
datasets of rSNR, however, we cannot see a clear
peaks as seen in the case of radial velocity fluctuation.

3.3 Relationships between the intervals of the
streaks and the boundary layer heights

Some studies have examined the relationships
between the intervals of the streaks and the
atmospheric boundary layer height (zj) (e.g., Lin et al.
1997). However, it is not completely confirmed in
atmospheric field observations since it is difficult to
carry out the simultaneous observation of horizontal
distribution and vertical profile of the wind field in the
range of several km. We observed the vertical profile
of radial wind velocity using NICT lidar as described in
2.2. Figure 5 shows the distribution of rSNR on a
vertical cross-section at 12:39-12:47 JST. The internal
boundary layer height (3) can be detected at about
220 m over Sendai Airport because there is sharp
gradient of the rSNR profile (Melfi et al. 1985).
Moreover, the depth of the atmospheric boundary
layer was about 700 m where the wind direction
changed (Iwai et al. 2008).

The horizontal scale of the turbulent structure
within the mixed layer is expected to be 1.5z based on
the mixed-layer scaling (Kaimal et al. 1976). If we
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Fig.5 (a) The vertical cross-section of rSNR at 12:39-12:47 JST. (b) The vertical profile of rSNR at 1 km
windward from NICT lidar (dashed line at Fig. 5 (a)).

assume that the interval of the streaks follows the
mixed-layer scaling, it is estimated to be about 1000 m
in this observation period. This is different from the
value estimated from the two point correlation.

To explore the correct scaling parameter for the
interval of the streaks, we compared the value in a
different experiment, which is obtained in the outdoor
reduced urban scale model experiment (Inagaki and
Kanda 2010).

Inagaki and Kanda (2010) indicated that the
interval of the streak structures is usually about 20 m
under near-neutrally stratification in daytime, when z
and § are usually about 1000 m and less than 10 m,
respectively. If the intervals of the streaks are
normalized by z; and §, they reduce to an order of 102
and 10°, respectively.

The same scale analysis is also applied to the
values of the current lidar observation. The interval of
the streaks becomes an order of 10™ using z;, and an
order of 10° using 3. The intervals of streaks are
one-order different if they are scaled by z, and it
become a same order if they are scaled by &.
Therefore, the intervals of the streaks seem to not
relevant for the atmospheric boundary layer height but
for the internal boundary layer height.

3.4 Variation of the intervals of the streaks along
the streamwise direction

Figure 6 shows the two-point correlation
coefficient plotted for the separation distance along
the spanwise direction. The difference of the lines
distinguishes the location of the measurement along
the fetch at 400-1000 m leeward apart from ENRI lidar.
Although the correlation peeks of any streamwise
locations appear at 375-450 m, we cannot see a clear
dependency on the length of the fetch in this figure.
Therefore, about 400 m interval of the streaks is
expected to be a representative value over this area.
This is possibly because the internal boundary layer
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Fig.6 Two-point correlation coefficient of the interpolated
spanwise component of the streaks from the
ensemble average of all PPI scans data from 13:01

to 14:26 JST at leeward distance from ENRI lidar.

has already sufficiently developed until the flow
arrives at this area, and the horizontal heterogeneity
of the surface conditions in the experimental area is
not so large to disturb the streaky structures.

4. CONCLUSIONS

The Coherent Doppler lidar observations were
conducted using two lidars, which are the Electronic
Navigation Research Institute (ENRI)’s lidar and the
National Institute of Information and Communications
Technology (NICT)’s lidar, to investigate the turbulent
organized structure developed over Sendai Airport.
The horizontal distribution of the radial velocity
fluctuations revealed the occurrence of the streak
structures which are elongated along the main stream.
The intervals of the streaks in the spanwise direction
were estimated about 400 m from the two-point
correlation analysis. The present analysis resulted
that the relevant scale of the interval of the streaks is



not the atmospheric boundary layer height but the
internal boundary layer height.
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