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1. INTRODUCTION

The spatial heterogeneity of urban surfaces
presents a particular challenge to the measurement of
turbulent fluxes. This is particularly true in the
roughness sub-layer close to the urban surface where
the mosaic of rooftop and street canyon surfaces
present a very complex three-dimensional source
area. As a consequence most studies try to avoid this
region and little is known about the spatial
heterogeneity of turbulent fluxes within the roughness
sub-layer (RSL), nor the relative importance of rooftop
versus street canyon surfaces in determining the
overall characteristics of the urban boundary layer.
This has consequences not only for our
understanding of the processes driving the urban
boundary layer but also for our ability to model
pollutant dispersion pathways in urban areas
especially from street canyons.

Scintillometers, which offer the capability of
measuring spatially-averaged turbulence fluxes, have
the potential to make a significant contribution to our
understanding of turbulent transport processes in the
RSL. This paper addresses some of the
methodological challenges associated with the
measurement of turbulence and use of scintillometers
in the atmospheric urban RSL.

2. THEORY

Scintillometers have been widely used in rural
environments as an alternative technique for
measuring turbulent fluxes of heat and momentum
(Hartogensis et al. 2002; Hill et al. 1992; Thiermann
and Grassl 1992). The temperature structure
parameter (C;%) and dissipation (&) can be determined
directly from the inner length scale of turbulence (l,)
and C,2 and turbulence parameters are calculated
using an iterative solution to the following equations:
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where v is kinematic viscosity of air, k is von Karman
constant (here taken to be 0.4), g is acceleration due
to gravity, z is measurement height, zq4 is zero-plane
displacement height, L is Obukhov length, T is
temperature, ¢ = ((z-zg)/L), ¢n is non-dimensional
dissipation rate for TKE and ¢ is non-dimensional
structure parameter for temperature. ¢, and ¢c are
calculated using MOS theory. The software provided
with the scintillometer uses the following form of the
MOS equations from Thiermann and Grassl (1992):
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These equations differ slightly from the more
widely utilised forms of the equation based on variants
of Wyngaard and Coté (1971) and Wyngaard (1973)
employed by studies such as Andreas (1989), Hill et
al. (1992), Green et al (2001) and Hartogensis et al.
(2002).

MOS theory cannot be directly applied in the
RSL where empirical constants of normalized
turbulence statistics vs. stability relationships are
often different compared to those based on
observations in the homogeneous surface layer (e.qg.
Roth, 1993; Roth and Oke, 1993; Roth, 2000). The
objective of this paper is to investigate the suitability
of relationships such as (4) and (5) used for
scintillometry in the urban RSL. The respective non-
dimensional urban dissipation functions are calculated
based on the high-frequency end of vertical wind and
temperature spectra (inertial sub-range) obtained from
eddy correlation measurements (e.g. Roth and Oke,
1993; Kanda et al., 2002).

3. EXPERIMENTAL

Observations were conducted as part of the
BUBBLE field experiment (Rotach et al. 2004). The
main instrumented tower was located in a densely
urbanized part of Basel, Switzerland - “Sperrstrasse”
site - characterised by comparatively uniform land-
use.



The tower was instrumented with sonic
anemometers at 3.6, 11.3, 14.7, 17.9, 22.4 and 31.7
m (which corresponds to about 2 times the mean
building height zy) on booms extending towards the
middle of the street canyon. Further sonic
anemometers were located 11.3 m above canyon
floor 0.65 m from the north wall of the canyon and at
19.3 m (3.5 m above local roof height) on the rooftop.
The sonic anemometer on the tower at 14.7 m above
the canyon (Gill R2) and at 3.5 m above the roof
(CSAT) coincide with the mid-points of two
scintillometers (Scintech SLS20) mounted just below
roof level diagonally across the street canyon at 13.5
m above street level (optical path length 116 m) and
at 19.3 m above street level about 3-5 m above the
irregular roof height along the north side of the canyon
(optical path length 171 m), respectively (Fig. 1). Data
from these two sonic anemometers and the two
scintillometers will be used in the analysis below. Prior
to the experiment the two scintilometers were inter-
calibrated at a grassland site and showed good
agreement with each other.

Fig. 1: View of the Sperrstrasse observation site.
Micrometeorological tower is erected near the North
(left) wall at the midpoint of the canyon in the center of
the image. The paths of the canyon and roof
scintilometers are indicated by yellow lines. Mid-
points (marked by red arrows) coincide with locations
of sonic anemometers used for the calculation of the
dissipation functions.

Data were collected between June 26" and
July 12" 2002 during the summer intensive
observation period of the BUBBLE project. Due to
practical considerations, both the street canyon and
roof top scintillometer paths crossed a road
intersection (Fig. 1). However, given the data are
weighted using a bell-shaped curve applied to the raw
data, conditions close to both the receiver and
transmitter have little effect on the calculated
turbulence parameters.

Sonic anemometer output was recorded at
about 20 Hz. The measurements at z/zy = 2 were
rotated into the mean wind (horizontal and vertical

rotation), detrended and averaged over 60 minutes.
Only one rotation in to the mean horizontal wind and
no detrending was applied to the canyon (z/zy = 1)
and rooftop (z/z4w = 1.3) sonic measurements which
were averaged over 30 minutes. Webb and
temperature variance corrections were applied were
applicable. Dissipation values were determined based
on estimates in the inertial subrange of the respective
vertical velocity and temperature spectra between
non-dimensional frequency f (= nz/U, where n —
natural frequency, U — mean wind speed) = 3 — 6
(rooftop) and 4 — 10 (canyon). Care was taken to
exclude data from wind directions with potential of
flow interference due to the tower or other sensors
mounted upwind. Cases with very low sensible heat
fluxes or wind speeds were also excluded.

Estimates using a digital city model suggest
that z4 in the 250 m region around the tower is 14.6
m. Using the standard ‘rule of thumb’ (Grimmond and
Oke 1999), zy4 at the site can be assumed to be
(zw*0.7) or 10.2 m. Thus for the street canyon
scintillometer effective measurement height 2’ (= z -
zq) = 3.3 m. Using the FSAM source area model
(Schmid 1994) as a guide, the dominant source area
for the roof top site was shown to be located within 10
- 200 m of the instrument which includes roof
surfaces, street surfaces and the surrounding
courtyards, many of which include lower height
buildings. Using a simple land classification scheme
suggests that the reference surface for the calculation
of z4 from the 17 m buildings under the scintillometer
path was not dominated by street level surfaces but
by surfaces 10 m above this at the height of the
courtyard infill and tree tops. Using this assumption
and the morphometric method of Bottema (1995) z4 =
5.7 and z' = 3.6 m for the rooftop scintillometer (see
Salmond et al., 2003 for details). Similarly, z’ = 20 m
for the sonic at 31.7 m.

4. REVISED MOS RELATIONSHIPS
ROOFTOP AND CANYON LOCATIONS

FOR

Close to the urban surface the flow is highly
directional with wakes just above and behind buildings
and other structures and preferential flow directions
induced by the geometry and arrangement of
canyons. To investigate the potential dependence of
turbulence characteristics on flow direction in respect
to the canyon orientation the data was divided into 8
groups, each representing a 45 deg wind direction
sector. The majority of the data is from wind directions
parallel to the canyon (i.e. 45-90 and 225-270 deg)
and small angles to the canyon (270-315 deg).

Relatively few data points are available for flow
perpendicular to the canyon. No trends could be
observed between individual sectors and any
systematic differences were masked by the large
scatter of the data (not shown). The results presented
below are therefore based on all data points from all
sectors.



Figs. 2 and 3 show the -current data
compared against results from the homogeneous
surface layer (green lines labeled WC71, TG92 or
WC71TG92; Egs. 4-7) and urban forms based on two
experiments carried out at z/zy > 2 (red lines labeled
K02; Kanda et al. 2002). Results at both locations
exhibit a lot of scatter in particular those obtained
above the canyon. In the case of ¢, the empirical fit
deviates strongly from previous relationships.
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The prominent dip of the urban values in ¢,
between z/L = -0.5 and 0.0 observed in previous
urban results (Kanda et al. 2002) is less pronounced
in the present data at roof level (Fig. 2, top) and even
absent over the canyon (Fig. 3, top). The results
suggest ¢, < 1 above the canyon at neutrality, i.e.
absence of equilibrium between production and
dissipation of TKE.
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Fig. 2: Non-dimensional dissipation functions for TKE
(top), temperature variance (middle) and non-
dimensional structure parameter for temperature
(bottom) plotted against non-dimensional stability
parameter measured at 3.5 m above rooftops (z/zy =
1.3). Black line is fit to red data points (see text for

Eq.).

2'/L,

Fig. 3: Same as Fig. 2 but measured at roof level over
the center of a canyon (z/z4 = 1).



The urban values for ¢y increase strongly
towards z'/L = 0.0 as shown in Fig. 2 and 3 (middle).
This is expected since T tends towards zero when
conditions are close to neutral. This feature is better
captured in the new empirical fits compared to
previous relationships. At larger instabilities urban and
rural forms are similar.

dct is calculated according to Eq. 6 and its
characteristics therefore reflect those of the individual
¢.and ¢y results.

The following equations are the empirical fits to
the urban data presented in Figs. 2 and 3:

Above rooftop (z/zy = 1.3):
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Above canyon (z/zy = 1)

#:(¢)=0.33+2.6¢[*® 5<¢<-001 (10)
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The large scatter observed in the present
results is a consequence of the inhomogeneous flow
close to the city surface and suggests that the derived
dissipation functions should not be applied to
individual data points. Comparison of sensible heat
fluxes measured by eddy correlation and
scintillometry using the traditional and new functions,
respectively, show better agreement in the latter case
(not shown). The new relationships therefore improve
the performance of the scintillometer at low heights
over the buildings or canyons. The success of
scintillometry in the RSL is possibly also due to its
relative insensitivity to the form of the dissipation
functions when compared to the influence of the
effective height, z’, which is difficult to define in areas
of inhomogeneous roughness.

Acknowledgements

Drs. R. Vogt (University of Basel) and M. Kanda
(Tokyo Institute of Technology) have very generously
made available the two scintillometers. The authors
would also like to acknowledge the excellent support
obtained from the |Institute of Meteorology,
Climatology and Remote Sensing of the University of
Basel (E. Parlow, R. Vogt, A. Christen and P. Mller)
during the BUBBLE IOP. MR has been supported by
NUS research grant R-109-000-037-112.

References

Andreas, E.L., 1989, "Two-wavelength method of measuring
path-averaged turbulent surface heat fluxes”, J. Atmos.
Ocean. Tech. 6, 280-292

Bottema, M. 1995, "Parameterisation of areodynamic
roughness parameters in relation to air pollutant removal
efficiency from streets" Air pollution Engineering and
Management, H. Power et al, eds. Computational
Mechanics, 235-242

Green, A. E., Astill, M. S., McAneney, K. J., & Nieveen, J. P.
2001, "Path-averaged surface fluxes determined from
infrared and microwave scintillometers”, Agricultural and
Forest Meteorology, vol. 109, pp. 233-247.

Grimmond, C. S. B. & Oke, T. R. 1999, "Aerodynamic
properties of urban areas derived from analysis of
surface form", Journal of Applied Meteorology, vol. 38,
pp. 1262-1292.

Hartogensis, O. K., De Bruin, H. A. R., & van de Weil, J. H.
2002, "Displaced-beam small aperture scintillometer test.
Part Il: CASES-99 Stable boundary-layer experiment”,
Boundary-Layer Meteorology, vol. 105, pp. 149-176.

Hill, R. W., Ochs, G. R., & Wilson, J. J. 1991, "Measuring
surface-layer fluxes of heat and momentum using optical
scintillation”, Boundary-Layer Meteorology, vol. 58, pp.
391-408.

Kanda, M., Moriwaki, R., Roth, M., & Oke, T. R. 2002, "Area-
averaged sensible heat flux and a new method to
determine zero-plane displacement length over an urban
surface using scintillometry”, Boundary-Layer Met., vol.
105, pp. 177-193.

Rotach, M, ...... Roth, M.... + 18 others: BUBBLE — a major
effort in urban boundary layer meteorology. Theoretical
and Applied Climatology (submitted)

Roth, M., 1993, "™Turbulent transfer relationships over an
urban surface. Il: Integral statistics”", Q. J. R. Meteorol.
Soc., 119, 1105-1120

Roth, M. & Oke, T. R. 1993, "Turbulent transfer relationships
over an urban surface. I: Spectral characteristics", Q. J.
R. Meteorol. Soc., 119, 1071-1104

Roth, M. 2000, "Review of atmospheric turbulence over
cities", Quarterly Journal of the Royal Meteorological
Society, vol. 126, no. 564, pp. 941-990.

Salmond, J.A., M. Roth, T.R. Oke, A.N.V. Satyanarayana, R.
Vogt and A. Christen, 2003: Comparison of turbulent
fluxes from roof top versus street canyon locations using
scintilometers and eddy covariance techniques.
Proceedings Fifth International Conference on Urban
Climate, ICUC-5, 1-5 Sept., Lodz, Poland

Schmid, H.P. 1994, "Source areas for scalars and scalar
fluxes", Boundary-Layer Met., vol. 67, pp. 293-318.

Thiermann, V. & Grassl, H. 1992, "The measurement of
turbulent surface-layer fluxes by use of bichromatic
scintillation", Boundary-Layer Met., 58, 367-389.

Wyngaard, J. C. 1973, "On surface-layer turbulence," in
Workshop on Micrometeorology, D. A. Haugen, ed., pp.
101-149.

Wyngaard, J. C. & Coté, O. R. 1971, "The budgets of
turbulent kinetic energy and temperature variance in the
atmospheric surface layer", J. Atmos. Sci., 28, 190-201.



