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Abstract Scintillometer measurements of turbulent fluxes of
momentum and sensible heat in the roughness sublayer over a
regular array of cubes in an outdoor environment were tested
with direct measurement from sonic anemometers. The dissi-
pation rate, ¢, and temperature structure parameter, C/, ob-
tained from the scintillometer agreed well with those from
four sonic anemometers located along the scintillometer path.
The fluxes measured by the scintillometer also corresponded
well to those from the line-averaged eddy covariance ap-
proach, although this agreement was greatly influenced by
the choice of the zero-plane displacement length and the form
of'the similarity function used in the scintillometer software. A
guide for choosing the appropriate similarity function for the
urban roughness sublayer is proposed.

1 Introduction

Turbulent flux measurements over building canopies are es-
sential for a range of real-world applications which include the
better understanding of the energetics of the urban heat island,
cycling of trace gases between the urban surface and the at-
mosphere, and the dispersion of pollutants. Eddy covariance
(EC), which analyzes high-frequency wind and scalar data, is

P4 Hirofumi Sugawara
hiros@nda.ac.jp

Department of Earth and Ocean Sciences, National Defense
Academy of Japan, Yokosuka, Japan

Department of International Development Engineering, Tokyo
Institute of Technology, Tokyo, Japan

Department of Geography, National University of Singapore,
Singapore, Singapore

the only approach which measures turbulence directly and has
been used extensively in the majority of past urban energy
balance and turbulence research (Roth 2000; Moriwaki and
Kanda 2006; Christen et al. 2009). A less popular but prom-
ising alternative approach is scintillometery (SL) which mea-
sures small fluctuations of the refractive index of air along a
light beam. It derives heat and momentum fluxes through the
application of Monin-Obukhov similarity theory (MOS) and
has the following advantages compared to EC:

1. SL measures the line average of a flux along its optical
path and can cover an area 3.5 times larger than the foot-
print of an EC sensor in unstable conditions (Kanda et al.
2002; hereafter KA02).

2. EC can be greatly influenced by flow distortion caused by
obstacles in the immediate vicinity of the sensor; SL is
less affected because its highest sensitivity is in the center
of the optical path (Fig. al in Scintec 2008).

3. SL is more suitable than EC in the case of a stable atmo-
sphere because of its shorter averaging period and the small-
er size of the measured eddies (Hartogensis et al. 2002).

Points 1 and 2 in particular make SL an attractive option for
use in the roughness sublayer (RSL) which is characterized by
large spatial variations in its flow and scalar characteristics,
and where EC is inadequate for measuring an area average.

Although SL has been applied above the urban RSL (e.g.,
Lagouarde et al. 2005; Ward et al. 2014), only very few studies
so far have attempted to use it in the RSL. Meijninger et al.
(2002) validated SL below the blending height (upper boundary
of the RSL) over flat and heterogeneous surfaces covered by
different types of vegetation. They showed that the sensible heat
flux from SL agrees well with the area-averaged flux from four
eddy covariance sensors located within the SL footprint. The
study, however, focused on a thermally heterogeneous RSL with
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little spatial variability in aerodynamic surface propetties. It also
showed that fluxes derived by SL strongly depend on the choice
of the displacement length and the function of the Monin-
Obukhov similarity theory used in the SL equations, both of
which are likely unique to a particular location if the observa-
tions are within the RSL. Roth et al. (2006) (hereafter RO06)
compared SL and EC approaches in an urban RSL. They
showed good agreement for the dissipation rate, , and temper-
ature structure parameter, CT2 , with one EC sensor located at the
SL midpoint which, however, is not sufficient to guarantee spa-
tial representativeness in the RSL. A more rigorous test over an
aerodynamically rough surface is therefore needed.

The objective of the present study is to validate raw SL data
(¢ and C77) and fluxes of sensible heat and momentum in an
aerodynamically rough RSL over a physical scale model using
an array of four sonic anemometers. In principle, MOS theory
cannot be applied close to inhomogeneous surfaces. However,
a number of previous studies have shown the possible appli-
cation of urban forms of MOS in the RSL (RO06, KA02)
which were also tested in the present study.

2 Site description and measurements

The Comprehensive Outdoor Scale MOdel for urban climate
(COSMO) experimental site was used for the measurements.
At the COSMO site, 512 concrete cubes (1.5 % 1.5x 1.5 m)
were arranged in a regular grid pattern with 1.5-m spacing
on a flat concrete plate resulting in an obstacle plan area den-
sity of 0.25. All surfaces were painted dark gray. The config-
uration of cubes and sensors is shown in Fig. 1. Flat, bare soil
extends >500 m upwind of the site (toward NW). More details
on the COSMO site are available in Kanda et al. (2007), and
turbulence characteristics are described in Inagaki and Kanda
(2008) and Roth et al. (2015).

The same measurement setup as in Roth et al. (2015) was
used but complemented with a bichromatic, small-aperture
scintillometer (Scintec, SLS-20). The SLS-20 with a standard
software provided 1-min value of e and C; along a 48-m path
which were further averaged over 30 min. Four sonic ane-
mometers (Kaijo, TR90AH) installed along the scintillometer
beam measured turbulence statistics and fluxes. This particu-
lar anemometer has a span width of 5 cm, signals were sam-
pled at 50 Hz, and statistics calculated for 30-min periods.

Four anemometers were placed to represent one roughness
unit (one roof-top and canyon pair, respectively) to sample the
full spatial variability of the flow which is assumed to repeat
itself across the entire array. The beam of the scintillometer was
located to coincide with the sonic anemometers. The anemom-
eters were installed at the center of the cube array and scintil-
lometer path considering with its peak sensitivity (Fig. 1). Mea-
surements were conducted either above the center of cubes
(referred to as “roof-top” in the following) or canyon (referred
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Fig. 1 Experimental site and sensor locations. Squares are cubes. Filled
triangles and circles show the locations of the scintillometer (transmitter
and receiver) and sonic anemometers (SAT), respectively. b is close-up of
rectangular in a for sensors above canyon (leff) and roof-tops (right),
respectively

to as “canyon”), respectively, at heights of 1.0H (1.125H in the
case of the roof-top location), 1.25H, 1.5H, and 2H, where H is
the cube height. Two scintillometers were used, taking simul-
taneous measurements at two different heights with four sonic
anemometers each. The two scintillometers were compared
against each other before the experiment and showed good
agreement (R=0.97 and 0.98 for £ and C7°, respectively).
The relative performance of the sonic anemometers was also
investigated, and u- values, for example, agreed within
0.011 m s~ of each other (Inagaki and Kanda 2008). The top
of the RSL at the COSMO site is found between 1.5 and 2.0H
as derived from the spatial variation of mean and fluctuating
velocity components (Inagaki and Kanda 2008). The present
measurements therefore cover the area between the top of the
roughness elements and top of the RSL.

Measurements were taken during the dry season (February
to April 2006 and April 2007; average vapor pressure = 6.3
hPa) when the concrete surface was dry, to minimizing the
influence of water vapor on the C,” measurements. The fol-
lowing quality control steps were further applied: (1) mean
wind direction perpendicular to the SL path within £45°, (2)
data availability ratio of SL (NOK) >80 %, and (3) exclusion

of runs with suspicious spikes in sonic anemometer data (o, >

2ms L o,>1ms ', or@w >0>0), where 'w is the

momentum flux. The number of remaining runs available for
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analysis ranged between 6 (roof-top, 1.5H) and 59 (canyon,
1.5H) (detail list will be shown in Tables 2 and 3) covering
mostly near-neutral to unstable conditions.

The zero-plane displacement length () is one of the input
variables need to derive sensible heat and momentum fluxes
using SL. d was evaluated using four independent methods: (1)
morphometric approach, which relates d to surface roughness
indices. Here, we used equations from Bottema (1997) and Mac-
donald et al. (1998) applied to the LES model results from Kanda
et al. (2013) where friction velocity u- is explicitly calculated
from the momentum balance. (2) Temperature variance method
where MOS is applied to the measured variance of temperature,
and d is determined as the best fit to all runs (Rotach 1994; Toda
and Sugita 2003). (3) Scintillometer heat flux method which
determines d as the scintillometer-measured heat flux that agrees
at two heights assuming a constant flux layer (KA02) using the
MOS function developed by KA02 and SL data at 1.5H and
2.0H over the canyon location. (4) Aerodynamic approach using
the neutral wind speed profile (Inagaki and Kanda 2008). Table 1
shows very good agreement among the four methods, although
there was considerable variation in the morphometric results
depending on the equation used. A value of d=1.15 m was
eventually adopted for the present analysis.

3 Analytical procedure

The principles of scintillometery can be found in Thiermann
and Grassl (1992) (hereafter TG92). The scintillometer used in
the present study derives ¢ and C;7 from intensity fluctuations
of a transmitted signal along two parallel light beams. These
variables were compared to those obtained from the spectral
energy density in the inertial subrange of turbulence spectra
measured by the sonic anemometers:

e = (nSy(n))*/* (2mn/U)A (1)
2 2/3 p-1

C = 48:(nS1(n)) (2mn/U)* By 2)
Table 1  Displacement length d at COSMO site
Method d [m]
Morphometric Bo 1.16

Ma 0.72

Ka 1.19
Variance 1.15
Scintillometer 1.15 (£0.24)
Neutral wind speed profile 1.25

See text for more details

Bo, Ma and Ka were calulcated using equations from Bottema (1997),
Macdonald et al. (1998), and Kanda et al. (2013), respectively

where 7 is the natural frequency (s '), Syand Srare the spec-
tral energy density of vertical wind speed, w and temperature,
T, respectively, U is the mean wind speed. A =0.73, B;7=0.78,
and 3; =0.86. S,, were found to exhibit the —2/3 slope expect-
ed in the inertial subrange, similar to past research at the same
location (Inagaki and Kanda 2008; Roth et al. 2015). The —2/3
slope extended over a narrower frequency range for S com-
pared to Sy, (n=0.3-3 and 0.5-10 s, respectively) which
may be due to more fragile in the sonic temperature measure-
ment against the white noise compared in the near-neutral
stratification. The average of ¢ (C /) from the four sonic ane-
mometers along the SL beam was used as the comparison
standard.

SL calculates the sensible heat and momentum flux using
the nondimensional forms of & and C;7 given by the follow-
ing:

kze
¢ = 3 (3)
U
C2 (ks 2/3
¢CT =17 (Tz) (4)

where u- is the friction velocity, 7= is the friction temperature,
k is the von Karman constant (=0.4), and 7’ is the effective
height (=z—d). ¢, and ¢ rare calculated using MOS theory,
and several forms of MOS equations are available for unstable
conditions. The following equations were developed by RO06
for the RSL above a canyon:

¢-(¢) = 038 + 1.9/¢|** (%)

ber(€) = 3.44(0.8(1.1-4¢) °7) (038 + 1.9|<|°-8)_”3 (6)

and roof-tops:

¢.(¢) = (0.93-5.4¢) '-2¢ (7)
" ®)

where (=7z’/L, L is the Obukhov length. Equations for above
canyon are valid for —5 < (<—0.01, and those for a roof-top are
valid for -2 <(<-0.001 (for ¢) and —2 <(<-0.005 (CP), re-
spectively. KA02 developed MOS equations based on mea-
surements in the suburban surface layer valid for —3 <( <0:

¢.(¢) = (1-10.5¢)" 9)

der(€) = 3.44(142(-0.03-24¢) ) ((0.93-5.40) "' -2¢)

-1/3

ber(€) = 451 (0.68(1-9.690) ) ((1-10.5¢) ')
(10)

The original equations from TG92 developed for unstable
conditions for flat and homogeneous surfaces and used in the
SLS-20 software are also tested below:
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¢.(Q) = (1-3¢) ' ~¢ (11)
ber(C) =48, (1—7C + 75(2)_1/3 (12)

In the following, the sensitivity of the SL approach to the
choice of d and the various MOS functions listed above is
evaluated.

4 Test of € and C T2

Dissipation rates derived from SL (eg; ) are compared to those
from the sonic anemometer ($pzc) at the canyon location in
Fig. 2. Tables 2 and 3 summarize the regression statistics from
both locations. Generally very good agreement between ¢g;
and ezc is observed, where any disagreement is within the
spatial or temporal variation of the measurements (Fig. 2).
However, the data also demonstrate a tendency for SL to
slightly underestimate ¢, in particular at 2.0H and 1.0H. The
underestimation in the present study is probably partly due to
instrumental limitations in the SL approach. The scintillome-
ter has a lower limit for inner scale (/,) measurements which
translates into an upper limit for e, given the following rela-
tionship:

4
s:Lﬁ<lf) (13)
lo

where v is the kinematic viscosity of air. The upper limit for e
becomes smaller as the path length becomes shorter. Using a
path length of 48 m, the maximum dissipation rate that can be
measured is ~0.06 m?s > (Scintec 2008). This will reduce the
average if there are areas along the SL beam with values
>0.06 m?s > which cannot be detected.

Other studies have also reported similar underestimation
(ROO06; Hartogensis et al. 2002), however, with reasons which
may not be applicable to the present study. Sensor vibration
has been highlighted by De Bruin et al. (2002) but can be
neglected here because wind speed was <3 m s '. Another
possibility could be the unintended displacement of the two
beams in the SLS-20 which can differ between individual
sensors. Use of an incorrect value for that length in the SL
calculation may result in a significant change in ¢
(Hartogensis et al. 2002; Van Kesteren et al. 2013). In the
present study, however, the underestimation was similar for
both SLS-20 units, and € during a pre-experiment comparison
was in good agreement (see Sect. 2).

Vertical wind speed was used to estimate € in Fig. 2. Scatter
plots and regression statistics for € using the horizontal wind
components are very similar (not shown). The SL approach
overestimates C;° at the lower two measurement levels at the
canyon location (Fig. 2 and Table 3) and all heights at the roof-
top location (Table. 3). Hartogensis et al. (2002) found similar
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Fig. 2 Scatterplots of SL and EC (average of four sonic anemometers)
measurements of (leff) € and (right) C; at four heights (bottom to top
1.0H, 1.25H, 1.5H, and 2H) at the canyon location. Mean value (points)
and standard deviation (error bars). Error bars for SL reflect time
variation of individual 1-min values over 30 min and for EC spatial
variation across the four sonic anemometers used, respectively. The ¢
values for EC are obtained from the w spectrum

results; however, they calculated reference CT2 not from spec-
tra but the spatial correlation in temperature fluctuations at two
points. The following reasons can possibly explain the ob-
served differences:

1. In the SL procedure, C;” is determined from light fluctu-
ations of a single beam (B,) and /,. Since C 7 s positively
correlated to /[y, the instrumental limit of /, noted above
can result in overestimating this variable and hence C;7. A
sensitivity analysis showed thata 10 % underestimation in
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Table2 Regression statistics between SL and EC for dissipation values

(&)

Location a b [m2 s ] Bias [m2 s° 1 RMS [m2 573] N
Roof-top 2H 1.76 —0.001 —0.005 0.008 17
Roof-top 1.5H 1.57 —0.002 —0.001 0.003 6

Roof-top 1.25H  0.93 0.005 —-0.004 0.008 18
Roof-top 1.125H 1.27 —0.001 —0.003 0.005 25
Canyon 2H 1.49 -0.001 —-0.002 0.004 58
Canyon 1.5H 1.04 0.000 —0.001 0.002 59
Canyon 1.25H  0.81 0.002 —0.001 0.002 34
Canyon 1.0H 1.10 —0.000 —0.001 0.003 58
Average —-0.002 0.004

Coefficients a and b are fitted to ezc=aeg; + b; bias=mean of ex€g;;
RMS = root mean square of € z€s; N = number of 30-min runs. Values of
€ by EC are obtained from the w spectrum

I, which correspond to the degree of overestimation in €
in Fig. 2, causes an 18 % underestimation in Cr.

2. The size of the smallest turbulent eddies sensed by the EC
and SL approach is different. The sonic anemometer mea-
sures temperature fluctuation using a transmitter and de-
tector pair aligned vertically (normal to the mean wind).
Assuming a wind speed of I m s ' and sampling rate of
50 Hz, the smallest eddy size sensed has a diameter of
2 cm (1 m s ! times 0.02 s), which compares to 0.1 cm
(beam aperture) for the SL. This difference could influ-
ence the comparison in Fig. 2 if the eddy size in either
measurement is outside the inertial subrange. It is possible
that turbulent eddies with dimensions of a few centimeters
do not achieve isotropy at the COSMO site because the
inertial subrange is shifted to higher frequencies com-
pared to that over a flat homogeneous surface. The same
argument cannot be applied to € whose measurement prin-
ciples are different between temperature and wind speed
in EC.

3. The sonic anemometers are located at the mid-point of the
SL path. Although the SL has its highest sensitivity in the
middle of its measurement path, it also senses the flow
near the edge of the path, where horizontal advection from

outside the COSMO site could produce a larger tempera-
ture gradient.

4. The SL measurement becomes more sensitive to the form
of the spectrum of the refractive index as the path be-
comes shorter (Hartogensis et al. 2002). The model of Hill
(1978) which is included in the SLS-20 software was used
in the present study. Testing other models was beyond the
scope of the present study, although Fig. 1 in Hartogensis
et al. (2002) suggests that this may solve the C;° overes-
timation (e.g., Frehlich 1992).

5 MOS function

Figure 3 shows ¢, and ¢7 based on the EC measurements
above the canyon, together with a selection of urban MOS
functions and a rural reference (Egs. 5—12). Measured ¢ and
C;” were averaged horizontally across the four sonic ane-
mometers, and then normalized with averaged normalization
variables. At the lowest two levels corresponding to the height
of' the obstacles and just above, the data for ¢ agree well with
the empirical function for a similar canyon location obtained
by RO06. At z=1.5H, the overall shape of the RO06 fit is
followed, but near-neutral values are larger and between the
urban and rural reference curves. Atz =2.0H, the observations
agree better with the rural reference rather than the urban
curves. This result demonstrates the transition from the RSL
to the inertial sublayer. On the other hand, such a shift could
not be found for the roof-top locations where the data for z’/
L>—0.1 at all heights are scattered between the urban and rural
references (Fig. 4).

This result can be understood by considering the structure
of the RSL above regular cube roughness. Roth et al. (2015)
found two internal sublayers which developed over cube ar-
rays (Fig. 5). Sublayer 1 is generated at the upwind edge of a
cube, develops over the top of the cube, and is characterized
by decreased Reynolds stress. This is due to the damping of
vertical motions near the solid roof-top surface which causes
. at the roof-top location to be close to that over a flat sur-
face. Note that the MOS function for the roof-top in R06 is

Table 3 Same as Table 2 but for

c7 Location a b [Km *?] Bias [K m ] RMS [K m 7] N
Roof-top 2H 0.78 —0.028 0.079 0.137 23
Roof-top 1.5H 0.93 0.001 0.003 0.005 6
Roof-top 1.25H 0.54 0.008 0.075 0.154 16
Roof-top 1.125H 0.70 —0.008 0.041 0.045 25
Canyon 2H 1.23 —0.016 0.003 0.027 32
Canyon 1.5H 1.00 —0.023 0.022 0.027 59
Canyon 1.25H 0.88 —0.001 0.011 0.017 34
Canyon 1.0H 0.73 —0.003 0.058 0.075 54
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Fig. 3 Normalized (/eff) dissipation rate (¢.) and (right) temperature
structure parameter (¢pc7) as a function of z’/L calculated from EC
measurements (average of four sonic anemometers) at four heights
(bottom to top 1.0H, 1.25H, 1.5H, and 2H) at the canyon location. Also
plotted are urban MOS functions from RO06 (RC canyon case, z= 1.01H;
RR rooftop case, z=1.32H), KA02 (KA z=2.62H and 3.8H) and rural
reference from TG92 (rural). Error bars reflect the spatial variation of ¢,
across the four sonic anemometers used

close to that for the rural reference, indicating that the internal
boundary layer above the roof-top should be similar to that
over a homogeneous flat surface. Sublayer 2 develops at the
downwind edge of the cube and includes the space above the
canyon. The measurement levels at 1.0, 1.25, and 1.5H above
the canyon were located in sublayer 2. Here, ¢, was signifi-
cantly less than unity, indicating higher local shear production
than dissipation. This agrees with the large Reynolds stress in
this sublayer shown in Roth et al. (2015). These sublayers are
generated at the edges of cubes and are broadened perpendic-
ular to the mean wind direction by turbulent diffusion and
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Fig. 4 Same as Fig. 3 but for the roof-top location

sublayer-1

Fig.5 Schematic illustration of the internal boundary layer over a regular
array of cubes. Arrows indicate location of SL beam for a canyon and
roof-top location, respectively. Aspect ratio of cubes and sublayers are not
to scale
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fluctuations of the wind direction. This broadening makes the
sublayers spatially representative along the SL path.

The present canyon measurements for C; broadly agree
with those from the rural reference and the canyon function
from ROO6 at both locations and all levels for 0.01 <—z’/L < 1.
However, there are a number of large values especially at z>
1.5H which may be due to advection of horizontal temperature
variations. Large horizontal temperature gradients close to the
surface produced by the proximity of sunlit and shaded sur-
faces may also be the reason for values which are higher than
the reference data at z=1.0H. Close to neutral (—z’/L <0.01)
values become very large with increased scatter which could
be an artifact of very small 7 values used in the denominator
of Eq. 4.

Tables 4 and 5 summarize RMS values of log(¢,) and
log(dp7) in fitting the various MOS functions to the observed
data. The stability range for fitting was chosen as 0.01 < —z’/L
< 2 to coincide with the various ranges of the available MOS
functions. Tables 4 and 5 together with Figs. 4 and 5 suggest
guidelines for choosing MOS functions in the urban RSL for
the SL approach. Within the internal boundary layer generated
by the trailing edge of a building, i.c., above canyons, the
function for the canyon case in R06 is closest to the measured
data (lowest RMS values in Table 4). Exception is z=2H for
both ¢, and ¢ 7 where the RO06 roof-top function performs
better. The situation is less clear in the internal boundary layer
formed at the upwind edge of buildings (i.e., above roof-tops).
Overall, the RO06 roof-top function provides the best results
(lowest RMS values in Table 5) for both ¢, and ¢ Consid-
ering only ¢, the rural reference provides an equally good fit
at all heights, but both functions still slightly overpredict the
measured data. In the case of ¢ at the lowest two heights,

Table 4 Root mean square (RMS) of log(¢p.) and log(¢pcr) between
measured values and MOS functions from RO06 (RC canyon case, z=
1.01H; RR rooftop case, z=1.32H), KA02 (KA z=2.62H and 3.8H) and
rural reference from TG92 (rural) at the canyon location for 0.01 <—z’/L <2

Location | RC | RR | KA | rural | N
e
canyon 2H 0.51 0.34 0.54 0.37 97
canyon 1.5H 0.36 0.41 0.46 0.42 93
canyon 1.25H 0.30 0.49 0.44 0.49 117
canyon 1.0H 0.34 0.53 0.44 0.51 90
dcr
canyon 2H 1.11 0.98 1.35 1.19 97
canyon 1.5H 0.47 0.61 0.73 0.54 93
canyon 1.25H 0.31 0.80 0.49 0.31 117
canyon 1.0H 0.41 0.59 0.83 0.54 90

N number of 30-min runs

Cells with lowest RMS values have gray shading

679
Table 5 Same as Table 4 but for the roof-top location
Location | RC | RR | KA | rural | N
¢s
roof-top 2H 0.48 0.38 0.41 0.37 54
roof-top 1.5H 0.41 0.31 0.42 0.32 57
roof-top 0.65 0.39 0.54 0.38 45
1.25H
roof-top 0.44 0.30 0.41 0.29 46
1.125H
dcr
roof-top 2H 0.80 0.65 1.16 0.91 54
roof-top 1.5H 1.17 1.04 1.41 1.24 57
roof-top 0.38 0.61 0.75 0.48 45
1.25H
roof-top 0.42 0.46 0.82 0.55 46
1.125H

the canyon function from ROO06 fits best within the stability
range considered.

6 Evaluation of fluxes

The fluxes of momentum and sensible heat obtained by the
two approaches of EC and SL (using Egs. 5 and 6 for SL
based on above evaluation) are compared against each other
in Fig. 6. Generally, very good agreement was found for - at
all heights. The slight underestimation by the SL approach is a
result of underestimating € (Fig. 2). SL slightly overestimated
Oy, although the values are relatively small (<100 Wm ?) and
in some cases close to the instrumental limits (10-30 Wm_z,
Aubinet et al. 2014) which can cause problems in measure-
ment accuracy. Similar overestimation of O was found in
RO06 for Q7;<50 Wm 2 and is likely due to an overestimation
of C;7 (Fig. 2). This effect is largest at z=1.0H and 2.0H,
possibly due to larger horizontal temperature gradients at these
two locations as explained above, and at z=1.0H because of
difficulties to determine an appropriate d value (see below).
is not affected in the same way because C;° influences Oy
more than u«. If C;7 is decreased by 20 % (red symbols in
Fig. 6), the two methods agree much better, suggesting poten-
tial for improvement. One exception is 1.0H, where Qf from
the 0.8C;7 calculation is still overestimated. This could be due
to a wrong choice for d. Christen et al. (2004) suggested that d
within the canyon is half the canyon width, i.e., 0.75 m at the
present site. As shown by the sensitivity analysis for d below,
this would result in very good agreement between the two
approaches (but make it slightly worse for u«) (Table 6). An-
other possibility for the disagreement in Oy, is that EC, unlike
SL, does not measure the dispersive flux which is more
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Fig. 6 Same as Fig. 2 but for friction velocity, #- (momentum flux) and
sensible heat flux, Oy;. Black and red symbols are reference and C7>-20 %
case, respectively (see text). r is root mean square in m s ' and W m >
calculated as u+ (EC)—ux (SL) and Qp(EC)-Qy; (SL), respectively, for the
reference (C77-20 %) case. b is mean bias error inm s ' and W m 2

Table 6  Percentage change in momentum () and sensible heat (Qy;)
fluxes compared to reference case (¢=1.15 m; MOS functions in Eqs 5
and 6) at 1.0H above the canyon

€ Cr d MOS

+8 % 20 % 0.72 m Rural RR KA
u[ms '] 33 1.6 -18.5 -126 -133 =30
Ouy[Wm? 22 -113 417  -13.8 -165 3.6

Changes include 8 % increase in €, 20 % decrease in C; TZ , decreasing d to
0.72 m and application of alternate MOS functions: rural, RR, and KA are
Egs. 7-8, 9-10, and 11-12, respectively

@ Springer

important in the case of the sensible heat than momentum flux
(Inagaki et al. 2011).

The momentum and heat fluxes determined using the SL
approach depend on €, C;7, d, and choice of the MOS func-
tion. The sensitivity of the fluxes to these variables is evalu-
ated using data at 1.0H at the canyon location (Table 6). The
reference case is calculated using measured € and C Tz’ the
MOS functions in Egs. 5 and 6 which showed the lowest
RMS values in Table 4 and d=1.15 m. To evaluate realistic
variations of the fluxes, ¢ and CT2 were varied by +8 and
=20 %, respectively, according to the underestimation and
overestimation seen in Fig. 2. MOS functions for the urban
RSL (Egs. 7, 8 and 9, 10) and for a flat, homogeneous surface
(Egs. 11 and 12) were tested, together with a different zero-
plane displacement length (0.72 m).

The fluxes are very sensitive to the choice of d (Table 6).
This result demonstrates the importance of the proper estima-
tion of this parameter. Morphometric approaches are widely
used for estimation of d, although their values of d could vary
(Table 1) even for the regularly aligned same-size cubes in the
COSMO site. Comprehensive comparison for several mor-
phometric methods in Grimmond and Oke (1999) suggested
a practical guideline for choice of the method in urban area.
Kanda et al. (2013) presented the method for the urban canopy
with building-height variation. The influence of d on Qy is
larger compared to u+ because the slope of ¢ ris steeper than
that of ¢, for the stability range encountered during the pres-
ent study (evaluated at z’/L =—0.04). During higher instability
when @, is steeper, u- will be more sensitive to changes in d.
Changes in ¢ affect u+ and Oy to similar degrees, on the other
hand, C;7 primarily influences Qy; because its influence on u+
is only indirect through z’/L. Sensitivity to two alternative
MOS functions suggested in the literature for the urban atmo-
sphere (Eqs. 7-8 and 9-10) is quite different (Table 6). Al-
though this comparison depends on the stability range, the
choice of MOS function is of secondary importance in SL
calculations when compared to d.

7 Summary and conclusion

Scintillometery measurements of turbulent fluxes have the
potential to provide area-averaged fluxes in the urban RSL.
The present study evaluated scintillometery measurements of
¢ and CT2 , as well as the final product of momentum and heat
fluxes against the spatial average of four sonic anemometers
aligned along the path of the scintillometer. Experiments were
carried out above an array of regular cubes at four heights
between z=1.0H and 2.0H.

The values of ¢ (C;7) from the scintillometer showed slight
under- (over-) estimation compared to those obtained from the
spectral energy density in the inertial subrange of the sonic
anemometers. However, differences were within the spatial
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variation of the four sonic anemometers and the temporal var-
iation of the scintillometer signal within the 30-min averaging
period.

Oy (ux) from SL agreed well with that from EC. The scin-
tillometer calculation of fluxes strongly depends on the zero-
plane displacement length and the form of the similarity func-
tion. A sensitivity analysis showed that these two factors have
a larger effect on resulting fluxes than errors in the raw data (¢
and C/°).

Similarity functions (¢, and ¢7) for urban roughness
sublayers developed in previous urban studies were compared
to those from the present sonic anemometer measurements. In
the internal boundary layer formed at the leading edge of the
roughness tops (roofs), the measured ¢, and ¢ rshowed best
agreement with functions developed over building roofs in
ROO06, and in the case of ¢, for a flat homogeneous surface
by TG92, surprisingly throughout the entire RSL. This result,
together with the finding that both functions overpredict the
measured values, points to the need for additional research.
On the other hand, in the internal boundary layer developing
at the downwind edge of the cube including the space above
the canyon, the functions are close to those previously devel-
oped above the canyon-top in RO06. The values of ¢. and
®ct approach those for the rural reference at the upper mea-
surement levels at z=1.5 H and 2.0H. The present study pro-
vides further guidelines for choosing SL similarity functions
in the urban RSL.
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