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Summary

The Basel UrBan Boundary Layer Experiment (BUBBLE)
was a year-long experimental effort to investigate in
detail the boundary layer structure in the City of Basel,
Switzerland. At several sites over different surface types
(urban, sub-urban and rural reference) towers up to at least
twice the main obstacle height provided turbulence
observations at many levels. In addition, a Wind Profiler
and a Lidar near the city center were profiling the entire
lower troposphere. During an intensive observation period
(IOP) of one month duration, several sub-studies on street
canyon energetics and satellite ground truth, as well as on
urban turbulence and profiling (sodar, RASS, tethered
balloon) were performed. Also tracer experiments with
near-roof-level release and sampling were performed. In
parallel to the experimental activities within BUBBLE, a
meso-scale numerical atmospheric model, which contains a
surface exchange parameterization, especially designed for

urban areas was evaluated and further developed. Finally,
the area of the full-scale tracer experiment which also
contains several sites of other special projects during the
IOP (street canyon energetics, satellite ground truth) is
modeled using a very detailed physical scale-model in a
wind tunnel. In the present paper details of all these
activities are presented together with first results.

1. Introduction

Urban boundary layer meteorology has become
an issue of increasing concern in recent years.
First, air pollution concentrations for most atmo-
spheric pollutants are highest in urban environ-
ments and hence air pollution modeling is
required when evaluating abatement strategies.
However, air pollution models and in particular



their meteorological part, are generally devel-
oped for surfaces of lesser roughness and do
not take into account the dispersion conditions
in the layer near the surface (Rotach, 2001). Sec-
ond, increasing computer power allows meso-
scale meteorological models to be run at higher
spatial resolution. For example, the innermost
nesting domain of today’s weather prediction
models has a typical horizontal resolution of 5
to 10 km. Thus more grid points will be truly
urban grid points requiring a surface exchange
parameterization that takes into account urban
surface characteristics and exchange processes.
Nevertheless, operational models (and similarly
most research models) simply use some urban
values for a number of surface-characterizing
variables (such as the roughness length or the
surface thermal conductivity) without any further
modification due to the high roughness elements
(Craig and Bornstein, 2002).

The urban boundary layer has a complicated
three-dimensional structure making it difficult to
comprehensively describe (Rotach et al., 2002).
Figure 1 sketches this (idealized) structure and –
at the same time – indicates some of the layers
and the terminology as used throughout this paper.
In the vertical the lowest distinct layer is certainly
the Urban Canopy Layer (UCL) that ranges from
the ground up to roughly the average height
of roughness elements (buildings and trees), zH
(Fig. 1b). It is part of the roughness sublayer

(RS) the height of which, z�, is dependent on
the height and density of roughness elements,
but for simplicity often expressed as z� ¼ a�zzH ,
where a ranges between 2 and 5 (Raupach et al.,
1991). Above the RS there is an inertial sublayer

(IS) that corresponds to the true matching layer
over ideal surfaces (Tennekes and Lumely, 1972).
Hence under ideal circumstances (stationary con-
ditions, large enough distance to the smooth–

Fig. 1. Sketch of the urban bound-
ary layer structure indicating the
various (sub)layers and their names
(modified after Oke, 1987). In c)
SVF stands for sky view factor
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rough transition and the city border, etc.) we
may expect Monin-Obukhov Similarity Theory
(MOST) to apply within the IS – even if the latter
may often be squeezed between the RS and the
layers above (Rotach, 1999). Above the IS the
urban boundary layer is – except for extensively
homogeneous city structures, being the exception
rather than the rule – probably to a large extent
determined through advective processes (cf.
Fig. 1a). Little is known at present whether or
not this outer part of the urban boundary layer
exhibits characteristics of mixed layer scaling
under convective conditions or local scaling
under stable stratification. We therefore refer to
this layer as to the outer urban boundary layer

(OUBL) throughout this paper without making a
distinction according to stability.

Earlier experiments devoted to investigating
the urban boundary layer (UBL) were often
either devoted to near-surface characteristics or
the general flow and thermodynamic conditions
within the OUBL. A notable exception from this
rule was the St. Louis study (Clarke et al., 1982)
during which both aspects were given equal
weight. However, even in this reference study
for quite some time, the near-surface turbulence
was analyzed in terms of MOST (and deviations
thereof) therefore implying a very shallow rough-
ness sublayer. A number of recent near-surface
turbulence studies were reviewed by Roth
(2000). They reveal, as a common feature, that
the turbulent fluxes are not – as opposed to
MOST and hence the inertial sublayer – constant
with height in the urban roughness sublayer.
Secondly, local scaling is found to be a suitable
substitute for MOST, once the profile of the
turbulent fluxes is known (Rotach, 1993).

Remote sensing observations were sometimes
used to investigate the differences between urban
and rural boundary layer characteristics (e.g. in
the ECLAP study over Paris, Dupont et al.,
1997 or earlier by Godovich et al., 1985).
Argentini et al. (1999) focused their work on the
convective boundary layer structure in Milan
under weak wind conditions. In all these studies,
only one or two (if at all) surface stations were
available. Also, they are typically confined to one
or a few episodes. Very little has been attempted
so far in order to investigate urban boundary layer
profiles of meteorological variables most likely
due to the mentioned lack of suitable near-surface
information.

The present experiment (Basel UrBan Bound-
ary Layer Experiment, BUBBLE) finds itself in a
series of recent efforts to combine near-surface
and remote sensing instrumentation to obtain a
full picture of the UBL. In Marseilles (F) the
so-called ESCOMPTE project was part of a
larger meteorological effort to investigate the
meteorological conditions leading to high ozone
concentrations in the complex environment of
the Mediterranean coast (Mestayer et al., 2004).
URBAN 2000 in Salt Lake City did, in terms
of investigating the urban boundary layer, focus
on pollutant dispersion processes at different
scales (Allwine et al., 2002). While the meteo-
rological observations were not particularly
dense within the UBL, large efforts were devoted
to studying the meteorological structure of the
nearby complex terrain as part of VTMX (Durran
et al., 2002).
In this contribution we present details about

BUBBLE, the probably longest lasting and one
of the spatially most detailed urban boundary
layer experiments. It is closely related to COST
715, which is part of the European COST initia-
tive (Joffre, 2002), and devoted to Meteorology
Applied to Urban Air Pollution Problems (Fisher
et al., 2002). Much of the observational and mod-
eling strategy for this project arises from needs
and gaps in our knowledge as identified by the
working groups of this COST action (Rotach
et al., 2002 for further details). The present paper
presents an overview on BUBBLE with selected
first results. More in-depth data analyses and
modeling results already published are refer-
enced in the respective sections, while further
work emanating from BUBBLE will undoubt-
edly bet published at later stages. Section 2
summarizes the observational network and in
Section 3 the BUBBLE tracer experiment is de-
scribed. The next two sections concentrate on
numerical (4) and physical (5) modeling efforts
that are performed in the context of BUBBLE.
An outlook is finally given in Section 6.

2. Observational network

2.1 Overview

BUBBLE was conducted in the city of Basel
in Switzerland (Fig. 2). Basel is a mid-size
town (approximately 200,000 inhabitants), sur-
rounded by gentle but non-negligible topography.
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The general philosophy of BUBBLE was to
establish a long-term observational network to
supplement the already quite dense permanent

observations (Section 2.2). These long lasting
installations (Section 2.3) were scheduled to
operate for a period of one year. In this spirit,
two urban turbulence towers (Section 2.3.1), a
Lidar and a Wind Profiler (Section 2.3.2) were
operated between summer 2001 and summer
2002. For an intensive observation period (IOP)
between June 10 and July 12 2002, additional
surface towers were put up in a sub-urban envi-
ronment and at several rural locations (Section
2.4.1). Also, the turbulence network was largely
intensified at one of the urban sites (Section
2.4.3). At the same time the energetics of a street
canyon at this urban site were probed in detail
(Section 2.4.2). The remote sensing network was
extended for the IOP through a RASS system,
several sodars, and a tethered balloon at a down
town site (2.4.1). Finally, a number of sensors
were operated that were specifically designed to
provide information for the development and
testing of algorithms to retrieve surface informa-
tion from satellite data (Section 2.4.4).

The BUBBLE dataset involves 30 permanent
and experimental surface sites from the greater
Basel area. The map in Fig. 2 shows the locations
of all surface and ground based remote sensing

measurements. All data are documented and
stored in the BUBBLE-database, which includes
a web-interface for data selection and download.

2.2 Permanent surface sites

The permanent sites are operated by public and
private institutions (weather services, local air
pollution monitoring authorities, industry). They
cover standard meteorological variables mea-
sured usually above roof level. Data from the
permanent sites are used as background informa-
tion of the wind and temperature field and are
available for the full year of the BUBBLE cam-
paign. Additionally, concentrations of chemical
compounds (NOx, O3, partially CO, SO2, PM10,
PM2.5) are measured at 14 sites.

2.3 Long-term observation within BUBBLE

2.3.1 Surface sites

a) Turbulence profile sites. Two experimental
Urban sites (Ue1, Ue2) and an experimental
Suburban site (Se1) were designed to determine
turbulent momentum, mass and heat exchange.
These sites were equipped with towers reaching
from street level up to 2 to 2.5 times the mean
building height zH . At Ue1 a 30m triangular

Fig. 2. Overview over the BUBBLE observations in the greater area of the City of Basel. The thick black line denotes the river
Rhine. All other symbols explained in the inlet. Note that sites Re4, Sp4, Sp5, Sp6 and Rp6 are outside the shown domain
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lattice tower was placed in a street canyon within
a densely built-up part of the city (see Fig. 3).
The profile at Ue2 consists of an 18m tower on
top of a building and a profile down into the
street canyon, obtained from 5m-booms on the
wall. The suburban site Se1 provides turbulence
information from instruments on a hydraulic
tower, set up in a vegetated suburban backyard
surrounded by two story single and row-houses.
All three towers supported simultaneously mea-
sured profiles of 3D-ultrasonic anemometer-
thermometers with a vertical resolution of 6
instruments at Ue1 and Ue2 and 3 instruments
at Se1. The two urban tower sites Ue1 and Ue2
were both operated over nearly one year from fall
2001 until summer 2002, while Se1 was operat-
ing only during the IOP. Raw data (20Hz) of 3D-
wind, temperature and water vapor were stored
over the whole campaign, resulting in appro-
ximately 100GB. Data were sampled quasi
synchronized which allows the investigation of
spatial cross-correlations and the vertical inter-
action of coherent structures. Additionally, the
sites were equipped with profiles of temperature=
humidity sensors, cup anemometers, full radia-
tion instrumentation and at Ue1 with a vertical
profile of CO2=H2O concentrations, sampled
with a closed path gas-multiplexer system that
sucked sequentially air from 10 tower levels
(see Table 1 for details).

The BUBBLE dataset will be exploited in order
to verify local scaling approaches (Christen and

Rotach, 2004) and improve parameterizations
for higher moments and turbulent fluxes (Rotach
et al., 2003b; Christen et al., 2003a). Detailed
long-term profiles arise from these sites, as illus-
trated in Fig. 4. These ensemble profiles repre-
sent characteristics for the whole observation
period including different wind directions and sta-
bilities. Similar to plant canopies the wind profiles
show an inflection point around zH and a second
maximum inside the canyon. Highest values for
CD were observed at both canyons between 0:8zH
and zH , where the strong drag is caused on one
hand by the large and exposed roof areas and on
the other hand by the interaction with the canyon
and backyard air masses. It is not surprising, that
both the wind and CD profiles around roof level
vary highly dependent on wind direction of
the approaching flow relative to the canyon: At
roof-level the flow perpendicular to the canyon
leads to a horizontal drag which is twice the one
observed under along canyon flows.

b) Energy balance network. Eight energy
balance sites were operated simultaneously in
and around the city of Basel during the IOP
(see Fig. 2, Table 1). The experimental energy
balance sites were all located in flat areas and
the locations were chosen with fairly homoge-
neous surface properties in the prevailing wind
directions. The eight sites provide all continu-
ously measured standard meteorological param-
eters, turbulent fluxes, profiles of temperature,

Fig. 3. Experimental tower at
site Ue1. The arrows indicate the
variables measured at the respec-
tive levels
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humidity and wind, radiation and partially
storage heat flux measurements. The four com-
ponents of the radiation balance Q� were mea-
sured explicitly at all sites. Sensible and latent
heat fluxes are directly derived from eddy covar-
iance measurements of 3D-ultrasonic anemo-
meter-thermometers coupled with humidity
fluctuation measurements (CSI Krypton KH2O
or Li-7500, except at Re3 and Re4). At the
built-up sites the eddy covariance measurements
were mounted on towers at a height between two
and three times the mean building height zH . The
simultaneous operation of this experimental
network allows detailed investigation of the
radiative properties and the partitioning of turbu-
lent fluxes over different urban and rural surfaces
under the same synoptic forcing with direct
rural–urban comparison possibilities.

In Fig. 5 a sample clear-sky day (June 26,
2002) is presented: The higher short-wave radia-
tive energy gain of the city – an effect of the
lower albedo at the urban sites – is mostly coun-
terbalanced by its higher long-wave emission,
resulting in a more or less equal net radiation
Q� at all sites. Since latent heat fluxes QE are
mainly driven by the fraction of vegetation, it
is not surprising that the city center (Ue1, Ue2)
with its low vegetation fraction between 15 and
30% shows smaller values. With increasing vege-
tation towards suburban (Se1) and rural surfaces

(Re1), QE becomes more and more important.
Oppositely, the daytime turbulent flux of sensible
heat QH is increasing with higher building den-
sity, but not so strongly since the storage heat
flux is also increased in built-up areas. At all
urban sites and at the suburban site, the storage
heat flux G was determined as residual term. At
the urban sites, the daytime storage uptake is two
to three times higher than at the rural sites.
During night, the release of this stored energy
at the built-up sites is even higher than the radia-
tive loss. The excess energy is put into the noc-
turnal upward directed turbulent fluxes (Christen
et al., 2003b). A closer look to the temperatures
at all sites illustrates, that the nocturnal release of
storage heat results in a nocturnal urban heat
island. On the other hand, the huge daytime
uptake of heat by the building materials produces
an urban cold island (see Fig. 5, top panel).

2.3.2 Long-term remote sensing observations

a) Wind profiler. The Swiss Federal Office
for Meteorology and Climatology, MeteoSwiss,
operated a low-tropospheric UHF 1290MHz
LAP3000 wind profiler (Ecklund et al., 1988;
Ruffieux, 1999). A 15 month-long (1 July,
2001–2 October, 2002) dataset of both wind
speed and wind direction semi-hourly profiles
was collected next to downtown Basel (at site

Fig. 4. Mean annual profiles at three (sub)urban sites of, left: horizontal mean wind scaled by wind speed at tower top
(z=zH � 2), right: local drag coefficient CD ¼ ðu?z=uzÞ

2
. The horizontal error bars represent the run-to-run variability (25 and

75% quartiles, respectively). Symbols as indicated in the inlets. The subscript z denotes here the local height where the
variable is evaluated
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Ue2). The system was located within an urban
backyard surrounded by buildings.
The operation modes are shown in Table 2 and

the parameters calculated at each height are:
wind components (u, v, w), wind speed and
direction, and signal-to-noise ratio. All raw spec-
tra were recorded and stored. Calculation of
consensus was performed using a simple peak
algorithm (Weber et al., 1993). An automatic
quality control was used in real time and a sup-
plementary quality check was manually per-
formed for a period including the IOP (1–21
July, 2002). The overall data availability in func-
tion of height and for the two running modes is
shown in Fig. 6. Note that possible bird contam-
ination (Wilczack et al., 1995) can pass through
the first level of quality control (seen mainly
between 1600 and 2600m asl in Fig. 6), but are
filtered with the second manual quality control.
The wind profiler data can be used to retrieve

information on the vertical motions and the mix-
ing depth. By reprocessing the raw data, it is
possible to improve the temporal resolution of

Fig. 5. Diurnal cycles of air temperature, net radiation,
sensible, latent and storage heat fluxes for June 26 2002
at sites Ue1, Ue2, Se1 and Re1 (Same day as in Figs. 8,
16–18) Fig. 6. Overall wind profiler data availability (solid lines)

as well as data availability during the IOP (dashed line) for
the high mode (left panel) and the low mode (right panel)

Table 2. Operation modes of the wind profiler during
BUBBLE

High mode Low mode

First gate 289 (m agl) 145 (m agl)
Last gate 4336 (m agl) 1272 (m agl)
Vertical resolution 202 (m) 43 (m)
Consensus time 30 minutes 30 minutes
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the time series. Application of this method to one
clear day showed interesting temporal evolution
of the vertical motions profiles during the course
of one clear day (Ruffieux et al., 2002) with sig-
nificant (>1ms�1) vertical wind in the evening
from ground up to 1500m agl (Fig. 7). By ana-
lyzing the height of the maximum signal-to-noise
ratio (White, 1993), it will be possible to de-
scribe the various steps of the PBL evolution
above the city of Basel for specified cases.

b) Lidar. A lidar was operated during BUBBLE
to detect the relative variation of the atmos-
pheric aerosol vertical profile within the urban
planetary boundary layer and the lower tropo-
sphere. The lidar is a single wavelength, back-
scatter-depolarisation instrument, realized at the
Observatory of Neuchâatel (Switzerland). During
BUBBLE the lidar was operated at roof level at
site Ue2. Its operation in Basel was automatic

and remotely controlled from the premises of
the Observatory of Neuchâatel (Martucci et al.,
2003). The measurement characteristics of the
lidar are summarized in Table 3.
As the aerosol is a tracer, the Aerosol Mixed

Layer height (AML height) obtained from the
lidar signal may be considered a substitute for
the PBL height. From the lidar signal there
may be obtained also the altitudes and the aero-
sol backscatter ratio of other aerosol layers and
sub-visible clouds, as well as cloud-base height
of opaque clouds. Lidar data were continuously
recorded between October 2001 and July 2002.
The AML height was determined from the range-
corrected signal in the following way: Select the
most pronounced local minimum of the deriva-
tive of the logarithm of the signal, which is clos-
est to the surface. As an additional condition
continuity in time is enforced (Frioud et al.,
2003; Menut et al., 1999).
Figure 8 presents the range-corrected lidar sig-

nal (upper panel) and its derivative (lower panel)
for 24 hours starting 14:00 CET (13:00 UTC) on
26 June 2002. This time-height cross-section
presents a complicated PBL development with
a step-wise AML, on which we also distinguish
superimposed accumulation layers. There is
clearly a well-mixed layer (its height marked x),
with a pointed diurnal cycle. Various stages of
PBL development are visible from this example:
the convective growth of the PBL top in the
morning of June 27, the decay in the late evening
of June 26, a complex residual layer during the
night. For some periods more than one altitude
with local minima of the lidar signal derivative

Fig. 7. Evening time (19 h–01 h CET) mean and standard
deviation (STD) profiles of vertical velocity, 17=18 May,
2002, calculated from reprocessed wind profiler 10-min
consensus data

Table 3. Specifications of the lidar instrument as operated during BUBBLE

Laser Wavelength 532 nm
Average Output power 18–20mW
Pulse repetition rate (prr) 5–6 kHz

Receiver Effective aperture 100mm Ø
Range of full overlap 180m

Detection and
data acquisition

Detection type Photon counting, two independent
channels (‘p’ and ‘s’ polarizations)

Range resolution 10m
Technical Detection
range

Up to approx. 19 km

Number of laser pulses
for a single
measurement

Adjustable, 100 to 2,000,000 pulses
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may be identified. These are likely due to pro-
cesses of accumulation and mixing during the
convective development of the PBL. During the
night, associated with the residual layer there is a
detached aerosol layer at the height of the day-
time AML top. For such situations the additional
criterion of time-continuity to determine the
AML height becomes critical. This illustrates
some of the difficulties inherent in the determina-
tion of the AML top. It is interesting to note that

there is another local minimum in the lidar signal
derivative at 2.0–2.5 km, i.e., above the identified
AML top with its clear diurnal cycle. While dur-
ing the night this height seems to correspond to
a residual layer height, the situation is more
complicated during the day. Apparently, a layer
above the mixed layer, still having considerable
aerosol concentration is present in these situa-
tions as was noticed by other authors in earlier
studies (Arritt and Young, 1990).

Fig. 8. Time-height cross-section of the range-corrected lidar signal (upper panel) and log-derivative of the range-corrected
lidar signal (lower panel) from 1300 UTC (14:00 CET) on 26 June 2002 to 1300 UTC (14:00 CET) on 27 June 2002. The
color code is proportional to the aerosol load and the magnitude of the derivative, respectively. Crosses represent the
objectively determined height of the Aerosol Mixed Layer (see text)
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2.4 IOP activities

2.4.1 Additional remote sensing network

Two Doppler sodar systems (MFAS, Scintec,
Germany) were operated from May to July 2002
(thus spanning the IOP) outside the urban area, in
order to monitor the up-and downwind conditions
of the wind field (sites Re5 and Re1). Both sodars
were operated in a multi-frequency mode. This
limited the data availability and the reliability of
the measurements to heights below 300m. One
system was therefore changed to single frequency
pulse towards the end of the campaign and then
had a data availability >90% up to 480m.

As part of two of the tracer release experi-
ments (Section 3), tethered balloon soundings
were carried out in the center of the city (Ue3).
During the first experiment the balloon escaped
halfway through but the second experiment was
successful and a 24 h period of profiles of wind
speed, wind direction, temperature and humidity
was sampled. Figure 9 shows the build-up of the
nocturnal inversion over the urban area, which
goes together with a change in wind direction.
The inversion grows to a 200–300m thick layer
agl and is supported by the developing nocturnal

low-level jet. Note that the near-surface turbulent
heat flux remains positive at all levels at site Ue1
(not shown, but cf. Fig. 5 for a similar night).
Clearly, the profile in Fig. 9 may not have suffi-
cient vertical resolution, especially at the lowest
levels, to directly assess the local flux-gradient
relation. However, this observation shows that a
positive near-surface turbulent heat flux may not
necessarily imply an unstable static stability (as
sometimes concluded) for the entire lower UBL.
Towards the morning the flow in the whole layer
up to 1000m has switched to east–southeast,
where the cold air drainage from the Swiss
Midlands and the High Rhine Valley comes
from. Subsequent warming and convection
finally breaks up the inversion.
One Doppler-sodar=RASS system (MODOS

and 1290MHz RASS MERASS, METEK,
Germany) was operated in northern part of the
urban area of Basel (site Ue5) for the period June
6 to July 9 2002 (i.e. roughly the IOP). Profiles of
wind, temperature and some turbulence variables
were measured between 40m and 500m with a
vertical resolution of 20m. Figure 10 shows a com-
parison of the profiles of temperature, humidity
and wind speed from the various remote sensing

Fig. 9. Tethered balloon soundings in the city center (site Ue3). Each color column refers to one ascent=decent, which are
averaged into layers with 20m resolution. Potential air temperature is displayed as color code, wind speed and direction
(in the horizontal plane) as arrows
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instruments employed within City of Basel during
the IOP. Although the RASS and the tethered bal-
loon exhibit an offset of about 2K, the profiles look
highly comparable thus suggesting that the tem-
perature field may be quite homogeneous (cf. the
horizontal distance of sites Ue3 and Ue5 in Fig. 2).
An excellent agreement between all the three sys-
tems is found for the wind direction at least up to
about 700m. This corresponds to the establishment
of a thermal wind due to the nearby topography,
which is quite uniform over large parts of the city.
Wind speed finally exhibits the largest site-to-site
(or maybe instrument-to-instrument) differences.
At Ue2 an elevated maximum is observed at
or near the boundary layer height. On the other
hand the balloon soundings at site Ue3 suggest a
low-level jet clearly within the stable nocturnal
boundary layer and the RASS profile at Ue5 yields
little vertical variability. Systematic evaluation of
similar cases will have to show to what extent
these differences reflect spatial inhomogeneity in
the wind field or measurement uncertainties of the
various systems used.

2.4.2 Street canyon energetics

The dense array of long-term measurement sys-
tems at the Ue1 canyon site (Sperrstrasse canyon,
or SC in the following; Fig. 11) as summarized in
Table 1 formed a solid base to gain understand-
ing of the one-dimensional exchanges and micro-
climatic responses of this densely developed
central urban neighborhood. During the IOP
aspects of the two- and three-dimensional char-
acteristics of the canyon system were also inves-
tigated. These included:

– Detailed monitoring of the surface temperature
responses of the canyon facets (walls and floor)
to the dynamic diurnal sun-shade environment;

– The relative contribution of heat fluxes to and
from the canyon volume versus those of the
nearby roofs to the spatially-integrated fluxes
sensed above the roughness sub-layer;

Fig. 10. Comparison of temperature
and specific humidity (left panel), wind
speed (middle panel) and wind direc-
tion (right panel) on July 5 2002.
Data from the wind profiler at site
Ue2 (dashed line, circles), tethered
balloon at site Ue3 (bold lines, dotted
line (humidity), þ) and RASS at site
Ue5 (thin line, triangles)

Fig. 11. a) Photograph of the urban canyon at site Ue1 look-
ing to the west. The tower is mounted on the north side of the
street canyon at about mid-block, this is also the location of
the cross-sectional array. b) Thermal image of site Ue1 taken
at 11:20 CETwith a FLIR SC500 thermal scanner
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– The air temperature change inside the canyon
air volume, and the relative contributions to it
made by radiative versus turbulent heat flux
convergence=divergence.

To accomplish these objectives the canyon
instrument array was supplemented by additional
thermal and flux sensors (Fig. 12 and Table 4).
Most attention was paid to the perimeter of a
two-dimensional cross-section across the canyon
near the long-term tower. The surface thermal
characteristics of the SC facets were monitored

using a range of in-situ and remote sensors. They
provided data that varied in spatial content from
point measurements to averages of canyon up-
welling infrared radiation from hemispherical-
view instruments. Altogether, 41 sensors were
deployed. The measurements provide information
concerning both micro-scale spatial patterns of
canyon surface and air temperature and their
temporal evolution. A combination of direct and
remote measurement systems provided a unique
view of UCL level thermal characteristics, not

Fig. 12. Conceptual represen-
tation of the Sperrstrasse can-
yon (see also Fig. 11) showing
instrumentation to monitor the
thermal character and energy
fluxes at the cross-section near
the tower. The temperature sen-
sors monitored the thermal
status of its walls and floor
and in the air down the canyon
axis, and the flux sensors mea-
sured the fluxes of momentum,
heat and moisture into and out
of the canyon volume
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previously available, including the ability to make
some assessment of canyon surface emissivities.

A unique feature was the deployment of a
dual-channel long-wave radiometer (DCIR)
mounted above the center of the canyon, approxi-
mately at the height of the top of the walls, to
measure nocturnal radiative flux divergence in
the canyon air. DCIR is a prototype radiometer
developed by Dr. Manuel Nunez of the Univer-
sity of Tasmania. When aimed at a target (here a
wall or the floor of the canyon) it measures the
radiative temperature in its Field of View (FOV)
in two separate channels of the electromagnetic
spectrum due to the introduction of a filter. Dif-
ferences between the signal with, and without,
the filter allow calculations of long-wave radia-

tive flux divergence of the canyon air in the path.
The orientation of the DCIR was rotated through
a number of angular steps to allow a scan of the
entire canyon cross-section (one complete scan
took 20min). This part of the study seeks to bet-
ter understand the fundamental processes under-
lying the urban heat island effect. To do so we are
using modern precision radiometry technology
that was not available at the time of the only
other such study by Nunez and Oke (1976).

2.4.3 Flux exchanges between the UCL
and the overlying air

The SC site provides the opportunity to study the
exchange of heat, mass and momentum between

Table 4. Additional observations concerning street canyon energetics at site Ue1 during the IOP

Objective Specific goal Instruments=means Comments Reference

Surface
thermal
characteristics
of canyon
facets

Surface and air
temperature
profiles.

Type-E 36 awg
thermocouples on
walls; also canyon
floor, asphalt road
and sidewalk

Air temp.: 0.1m
distance from
wall, shielded
for radiation

Voogt and Oke
(1991); Fairey
and Kalaghchy
(1982)

Radiative
surface
temperatures

15� FOV non-
scanning infrared
thermometers (IRT;
Everest Model
4000.4GL

Canyon walls
and roofs
monitored

Radiation Long-wave
radiation
through the
canyon top

Eppley pyrgeometer
(Model PIR)

Mid-canyon
position, boom
from tower

Downward
long-wave
radiation

Pygeometer North and
south sides of
the canyon,
also: top of
tower

Canyon
surface
radiative
temperature

1 FLIR SC 500
(portable thermal
scanner)

Various
positions, often
along-canyon

e.g., Fig. 12

1 AGEMA
Thermovision
THV900

South-facing
wall monitored

Radiative flux
divergence
within canyon

DCIR Mid-canyon
position, top of
canyon

See text

Air temperature Additional to
tower

Along canyon line of
sensors

Near roof level

Short-term traverses
down the canyon

portable mast

In-building air
temperature

thermistor=mini
data logger
packages

Each side of
canyon, in
stairwells

244 M. W. Rotach et al.



the canyon volume and the above-canyon flow in
more detail than has been previously possible.
For the duration of IOP two CO2=water vapor flux
sensors (Licor, model 7500) were added to the
available instrumentation; one at the top of the
mast (at 31.7m) and another over the street near
the top of the canyon (at 14.7m) (Fig. 12). With
this arrangement it is possible to study the vertical
variation of the turbulence statistics and fluxes
throughout and just above the RS and their
representation within a local scaling framework.
Hence local similarity functions can be derived
for the urban RS, and energy transport through
coherent structures can be investigated. Very few
urban studies have included the measurement of
CO2, although cities are known to be a major
source of this greenhouse gas, which has implica-
tions for local air pollution and global climate
issues. The present flux observations allow analy-
sis of the temporal dynamics of urban CO2

exchanges (Vogt et al., 2003; Roth et al., 2003)
and CO2 will be also used as a tracer to examine
the patterns of heat transfer for carefully selected
cases.

Horizontally representative turbulent fluxes
are extremely difficult to obtain in the RS where
the mosaic of rooftop and street canyon surfaces
present a particularly complex three-dimensional
surface. Little is known about the actual spatial
heterogeneity of turbulent fluxes within the RS,
nor the relative importance of rooftop versus
street canyon characteristics in determining
the turbulent structure of the UBL. To address
such questions two small aperture scintillometers
(Scintec, Model SLS 20) were installed near the
SC tower during the IOP (Fig. 12). One was
installed around roof-level at 15.8m above street
level (with an optical path of 116m, diagonally
across the street canyon). The second path of
171m was located at 19.3m agl, which was
approximately 3–5m above the varied roof
height along the path.

Scintillometers have been shown to be effec-
tive tools for the measurement of spatially
averaged turbulent fluxes over both homoge-
neous (De Bruin et al., 1995) and heterogeneous
surfaces (Kanda et al., 2002; Lagouarde et al.,
2002; Weiss et al., 2002). Further, as a result of
the spatial averaging of the turbulent eddies it is
possible to use shorter averaging times in the
calculation of fluxes (De Bruin et al., 2002),
which is particularly advantageous in heterog-

eneous environments where constraints of
stationarity may not be met for prolonged
periods.
The validity of the assumptions underlying

calculation of sensible heat fluxes using the
parameters measured by a scintillometer, may
be problematic in the urban atmosphere. Line-
averaged turbulent fluxes are calculated from
the refractive index structure parameter (C2

n)
and the inner scale (lo) using Monin-Obukhov
similarity theory (MOST). However, MOST can-
not be applied directly in the urban RS (Roth,
2000) and a modified form of these equations
such as that developed by Kanda et al. (2002)
for Tokyo may be utilized. BUBBLE data will
be used to further analyze and validate the pos-
sible universality of these equations. They rely –
among others – on accurate measurements of
height above the surface. For the near rooftop
interface estimation of this height becomes prob-
lematic (Salmond et al., 2003) and will have to
be addressed.
The observed parameters C2

n and lo depend on
a weighting parameter with largest weight near
the mid-point of the pathway. Hence, a 3-D sonic
anemometer was placed at the mid-point of each
path. Figure 13a shows good correlation between
the turbulent heat flux QH from the canyon sonic
at 14.7m and the canyon scintillometer. The
increased spatial averaging of the turbulent
eddies in the scintillometer fluxes gives a
smoother diurnal cycle than the point measure-
ment. Interestingly, the nighttime heat fluxes
(which are always positive) from the scintil-
lometer are consistently higher than the sonic
values. This may reflect the improved spatial
averaging of the scintillometer data. On the other
hand the daytime scintillometer values tend to be
equal to or smaller than the sonic values.
Figure 13b illustrates that QH from the rooftop
scintillometer tends to be slightly larger during
day- and nighttime than the rooftop sonic. Note
that possibly such detailed comparisons are not
warranted until issues associated with the effec-
tive height of measurement are refined. However,
detailed analysis of the results (Salmond et al.,
2003) shows that scintillometers are useful tools
for the measurement of turbulent heat fluxes
in the RS. In the complex zone near the roof
top interface, path-averaged data from scintil-
lometers may provide more spatially representa-
tive measurements of turbulent heat fluxes from
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different urban surfaces compared to traditional
single point eddy covariance approaches.

2.4.4 Satellite ground truth

Research on the urban heat island with different
thermal satellite data for various cities has been
conducted by Munier and Burger (2001) for
Berlin, Nichol (1998) for Singapore, Parlow
(1998, 1999, 2003) for Basel, Anielo et al.
(1995) for Dallas, TX; Gallo et al. (1993), Dousset
and Kermadi (2003), Dousset and Gourmelon
(2003) for Marseille and Paris and many others.
With in-situ measurements the radiation balance
can only be measured for point locations and not
over the whole urban area. But heat fluxes can
exhibit a large heterogeneity over urban areas.
One option is therefore the application of satellite
remote sensing of the solar and terrestrial wave-
lengths in combination with modeled atmospheric
corrections. A first goal of BUBBLE-SARAH
(SatelliteAnalysis ofRadiationAndHeat Fluxes)

is to compute the spatially distributed net radia-
tion as a key factor for heat flux studies. Short-
wave reflection and long-wave emission can be
computed from multi-spectral satellite data. Solar
irradiance and atmospheric counter radiation are
integrated from numerical model results.
Satellites with different spatial, temporal and

spectral resolutions are being used in this project.
The present research will focus on Landsat 7
ETMþ , which has the unmatched resolution of
60m in the thermal IR-band, offers the possibility
to compute albedo with a resolution of 30m and
possesses a panchromatic band with 15m resolu-
tion. In addition, use will be made of TERRA-
ASTER data with a spatial resolution of 15m in
multi-spectral visible channels. The infrared band
has a stereo viewing capability and digital eleva-
tion can be computed from these data. The
MODIS and NOAA-AVHRR offer a fairly good
temporal resolution of several orbits per day but
have a poor spatial resolution of 1000m.

Fig. 13. a) Comparison of the sensible
heat fluxes (QH) from the canyon scintil-
lometer and 14.7m canyon sonic ane-
mometer, between 12:00 July 6–23:00,
July 8 2002, and b) from the roof top scin-
tillometer and roof top sonic anemometer
for the same period (all times in CET)
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With the available radiation measurements
from the many BUBBLE sites, it is possible
to compare and calibrate the satellite data with
ground measurements. Long-wave emission
(L ") and modeled short-wave reflection can be
validated with in-situ measurements. An example
is given from the Landsat 7 image of 8 July 2002.
The thermal band 6 (low gain) has been trans-
formed into Wm�2 and an atmospheric correc-
tion after Price (1983) has been applied. For the
atmospheric correction a high-resolution (25m
raster) a digital elevation model of SwissTopo
has been used in combination with a radio sound-
ing from Payerne, some 50 km to the southwest
of Basel. In addition, MODIS data of the same
day (11:40 CET) are also used. A comparison
with in-situ measurements is presented for sites
Ue1, Ue2 and Ue3 (urban), Se1 (suburban) and
Re2, Re3 (rural) in Fig. 14. These sites represent
important land use classes of the Basel region.
For MODIS sites Re1 and Re4 (rural) are used
too.

Differences between in-situ measurements
and the satellite-retrieved data are very small,
ranging from 0 to 9.5% (Fig. 14). Note that
the in-situ instruments have an uncertainty of
at least 5–10Wm�2 (�1–3%), even with very
good calibration. Hence, the satellite measure-
ments are in excellent agreement, especially
for MODIS with its sensor resolution of only
1000m. The accuracy of Landsat is slightly
better than that of MODIS (2.9 to 3.1%). The
two sites Re2 and Ue2 show the largest differ-
ences, almost double those at the other sites.
The reason for this behavior has yet to be
determined.

Some preliminary analysis has been carried
out after correction and calibration of the ac-
quired data. High-resolution satellite data and
numerical models are used to study the spatial
distribution of radiation fluxes and the net radia-
tion (Parlow, 1999 for detailed information).
Figure 15 shows L " (upper panel) and the com-
puted net radiation Q� (lower panel) for the city
of Basel on July 8, 2002 at 11:11 CET as one first
result of this project. The airport, the industrial
sites and the city center can easily be identified
by large L " up to 530Wm�2. The terrestrial
emission of the sealed surfaces of the city varies
within a range of �40Wm�2. Due to this high
radiative energy loss these surfaces have a lower
net radiation. Q� at the airport in the north-
western part of the image is partly below
300Wm�2 due to high surface temperatures
and high albedo values there. Both data sets are
highly correlated (Q� ¼ �1:36L " þ1185:7)with
a correlation coefficient R ¼ �0:825.
The main focus for further research will be on

the analysis of radiation fluxes, net radiation and
heat fluxes as a function of urban surface param-
eters like sky view factor, street canon width-
to-height ratio etc. and on the diurnal variation
of energy and heat fluxes based on MODIS and
NOAA-AVHRR data.

3. The BUBBLE tracer experiment

3.1 Overview

Within the framework of BUBBLE and taking
advantage of the wealth of meteorological infor-
mation available, a series atmospheric dispersion

Fig. 14. Comparison of satellite
derived and in-situ long-wave emis-
sions (station labels as in Table 1),
columns and left scale. Difference
in percent: solid line, right scale.
The site symbols (Ue1, Re1, etc)
correspond to those in Fig. 2
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experiments were carried out. Both, the tracer
release and sampling sites were located near roof
level, above and outside the street canyons. As a
tracer gas Sulphurhexafluoride (SF6) was used.
Due to logistic difficulties in a city, tracer sam-
plers cannot be laid out in predefined arrays
downwind of the source location according to
the prevalent wind direction. Rather, arrange-
ments have to be made beforehand and flow
conditions according to the layout have to be
awaited. Due to topographical features of the city
a thermal wind system develops on cloud free
summer days that creates a northwesterly flow
in the afternoon – called Clara Wind. The design

of the experiment was done according to this
thermal wind system.
The experiments were carried out in a fairly

homogeneous part of the city near sites Ue1, Ue3
and Ue4. The tracer SF6 was released from the
roof of a parking house at about 1.25 times the
average local building height. In one occasion
the tracer release had to be made from a mobile
crane at a different position. Samplers were
located in a downwind sector of about 90� open-
ing angle and located at 1.5m above roof level,
typically 15m above the street. For most of the
tracer releases samplers were located on two
approximate arcs at 700 and 1000m distance

Fig. 15. Long-wave emission
(upper panel) and net radiation
(lower panel) for July 8, 2002 at
11:11 CET of the city of Basel
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from the source. Additionally, a profile along the
centerline of the expected plume extended up to
about 2.4 km (Fig. 17). The release of tracer
started 60min prior to the sampling and was kept
constant. Sampling was performed in bags, of
which 6 were filled in sequence at each location
with a filling duration of 30min for each. Thus a
time series of 6 half-hour averaged values of
near-roof concentrations is available at each of
the sampling sites. Bags were subsequently anal-
yzed in the laboratory and a background con-
centration that was measured for each release
separately in the experimental area was finally
subtracted from the analyzed concentrations.
Reproducibility of the observed concentrations
was excellent. More detail about this tracer
experiment can be found in Gryning et al.
(2003, 2004) and Rotach et al. (2004).

3.2 Overview of the releases

A total of 4 tracer experiments were carried out,
all characterized by low wind speeds and predom-
inantly convective conditions. It is an interesting
feature of the present experiments, that in three
of the cases the convective velocity w� is larger
than the mean wind speed, and always larger
than the mechanical scaling velocity (Table 5).
The low wind speed distinguishes these experi-
ments from most other tracer experiments
(Batchvarova, 2003). The prediction of the mean
wind direction was a real challenge from a logis-
tic point of view as only minor perturbations in
the large-scale pressure field could shift the ther-

mal Clara Wind tens of degrees away from it
prevailing direction. Additionally, the wind was
very variable both in time and space during the
tracer releases. In this respect the 6 half-hourly
time series of tracer samples yields information
on the variability of the concentration field
within a Clara Wind event.
Table 5 gives an overview on the meteorologi-

cal conditions during the four experiments. With
the exception of the experiment on July 4 all
took place under (strongly) convective condi-
tions. Nevertheless, all the experiments are
characterized through a substantial mechanical

scaling velocity, ûu�, due to enhanced mechanical
turbulence over the urban surface. Here, ûu� was
determined from the profile of Reynolds stress at
site Ue1, by a fitting procedure according to
Kastner-Klein and Rotach (2004), which deter-
mines the maximum (norm) Reynolds stress. It
is assumed that this maximum Reynolds stress
corresponds to the effective stress the flow sees
over an urban surface (see Rotach, 2001).

3.3 Preliminary results

The large spatial and temporal variability of the
wind field in the experimental area and the effect
it has on the dispersion of the tracer plume is
illustrated for the 26 June experiment in Fig. 16.
In the upper panel a proper Clara Wind situation
(wind direction about 330� over the tracer release
area) is shown with a strong plume centerline and
large near-source concentrations. 90min later the
(very weak) wind at the release point has changed

Table 5. Meteorological conditions during the 4 tracer experiments; averaging times are shown in CET. Here, the height zm
denotes the height of maximum fitted Reynolds stress according to Kastner-Klein and Rotach (2004). From the Reynolds stress
profile at this datum ûu� is determined to serve as a characteristic velocity and zm is interpreted as the height of the roughness
sublayer (Rotach, 2001), �uu stands for the mean wind speed, w� is the convective velocity scale that has been determined using
the turbulent heat flux from an average of the two top-most levels at site Ue1. Finally, zi is the height of the UBL

Experiment zm
[m]

�uu

[ms�1]
ûu�
[ms�1]

w�
[ms�1]

zi
[m]

Conditions

26 June
13:00–16:00

21.7 1.28 0.41 2.31 1809 Strong convection, steady
wind direction

4 July
15:00–18:00

24.0 2.49 0.60 1.77 1286 Westerly, fairly strong
wind, cloudy

7 July
14:00–17:00

19.2 1.44 0.31 2.22 1867 Partly cloudy, strong
convection

8 July
15:00–18:00

20.4 1.78 0.41 2.27 1312 Clear sky, convective
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direction by almost 90� and the tracer distribution
for that period was much more uniform. Figure 17
shows the tracer concentration field averaged over
the 3-hour sampling time and a consistent struc-
ture in the plume appears (Gryning et al., 2003).
This illustrates that the considerable variability in
the wind on the time scale of half an hour is
markedly reduced on a 3-hourly basis.

Some of the salient features of the BUBBLE
tracer experiments are outlined in Rotach et al.
(2004) and will only briefly be summarized here:

– Despite the irregular nature of the urban surface
and the low release height a clearly plume-
like near-surface concentration pattern emerged
from the observations (see also Fig. 17).

– Interpolated concentrations yield a near-
Gaussian distribution in the horizontal plane
(Gryning et al., 2003). On average, and for
all the tracer experiments, the plume width
�y is underestimated using �y ¼ �vt fyðt=TYÞ
and TY ¼ 200 s (recommended for surface
sources) or TY ¼ 600 s (recommended for ele-
vated sources). Here, fy is a semi-empirical
function, t is the travel time, TY the Lagrang-
ian integral time scale, �2

v
the lateral velocity

variance. However, if TY is estimated from
Ty ¼ zi=�v, where zi is the Mixed Layer
height, quite good agreement between obser-
vation and estimation is obtained. Clearly, the
present data set will allow for directly deter-

Fig. 16. Illustration of two sample half-hourly averaged tracer concentrations and the wind field for the experiment on
26 June 2002. In the left panels the release point is marked with R; at the tracer sampling positions the measured concentration
is indicated with the area of the filled circle. For comparison, a filled circle representing 100 ngm�3 is shown in the white
box. In the right panels the release point is drawn with a red circle. The wind barbs indicate wind speed and direction with
the following convention (example: wind from SW): * Wind speed <1ms�1; Short barb: 1ms�1; Long barb: 2ms�1.
Base map (c) copyright GVA BS, 25102002
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mining TY from the spectra, so that this issue
can be investigated in more detail.

– About 700m downwind of the source location,
at site Ue1 three levels of concentration mea-
surements were taken at 3, 10 and 17m above
street level (local roof level was 15.1m).
Figure 18 shows that on average and also for
individual profiles, only small vertical gradi-
ents are present. This indicates that a consid-
erable part of the tracer enters the canyons
(without destroying the Gaussian-type lateral
dispersion); also the contribution of non-local
sources in a street canyon leads to largely
well-mixed concentration patterns.

The BUBBLE tracer experiments are discussed
in the wider context of other recent urban disper-

sion studies in Batchvarova and Gryning (2004,
2005) and Gryning and Batchvarova (2004).

4. Numerical modeling

4.1 Urban surface exchange

parameterization

In this study a meso-scale wind model adapted for
urban areas (Finite VolumeModel, FVM, Clappier
et al., 1996) is applied. The FVM model was used
to develop and test a new urban turbulence param-
eterization (Martilli et al., 2002, 2003). In this
parameterization the model domain starts at the
street level (where large parts of pollutants are
emitted). The city is represented as a series of build-
ings of the same size with equal distance but with
different heights (i.e. the building density is a func-
tion of height). Depending on the building height
and the vertical model resolution (usually 2 to 5m),
several grid levels are defined below the average
roof height. Extra terms representing the impact
of the urban surfaces (roof, walls and street) are
introduced in the momentum, energy and TKE
equations of themodel. For example in themomen-
tum equation a term representing drag due to the
walls is introduced as well as friction on the roofs
and at street level (see Martilli et al., 2002 for
details). For every grid cell, it is possible to define
several street directions, and the results are then
averaged over all the street directions. The model
is also able to calculate the temporal and spatial
concentration evolution of a tracer, and thus to sup-
port a tracer field experiment.

Fig. 17. Tracer concentrations on 26 June 2002, 1300–
1600 CET. Further explanations as in Fig. 16. Base map
(c) copyright GVA BS, 25102002

Fig. 18. Profiles of tracer concen-
tration at site Ue1 about 700m
downwind of the source location
(site Ue4 in Fig. 2). Data from ex-
periment #1 (26 June 2002), 13–14
CET (*), 14–15 CET (~), 15–16
CET (^) and averages over the
whole period (bold line and sym-
bols). The height of mean roof lev-
el in the tracer area is 15.1m
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This new urban parameterization was tested
using the BUBBLE measurements from site
Ue1 (Roulet et al., 2003, 2004; Roulet, 2004).
The simulations are performed first with a single
column approach, in order to test the urban mod-
ule offline. The boundary conditions at the top of
the street canyon are taken from measurements
at the top of the tower (�30m above the ground).
The model calculates fluxes and meteorological
variables from this point down to the ground. The
calculation and validation is applied to the urban
RS, which is the crucial place for the influence of
an urbanized scheme on the PBL structure. Input
parameters for the city and building shape are
chosen according to Table 1.

In order to test the urban module, and to quan-
tify its impact on the meteorological modelling,
three different simulations are carried out. The
first (urban) uses the urban surface exchange
parameterization as described above (percentage
of rural areas set to zero). The second (rural)
simulation considers a 100% rural soil coverage,
while the third simulation (traditional) represents
the traditional less detailed approach to represent
urban surfaces used in meso-scale models (mod-
ification of only the roughness length and the soil
thermal capacity). The example presented here is
for 25 June to 16 July 2002, and corresponds to
the second half of the IOP.

Average profiles of potential temperature in
the street canyon are fairly well represented by
the urban module (Fig. 19). At night-time, rural
and traditional simulations are not able to cap-
ture the heat storage near the ground, whereas the
urban simulation indicates a temperature at the
ground very close to the measurements (and 4–
5K higher than rural and traditional at mid-
night). It is thus able to represent the nocturnal
heat island over the urban area. During daytime,
the shape of the profile from the urban simula-
tion is in better agreement with the measured
profile, but with an offset of 1–2K (profile at
12:00 and 18:00 LT). The profiles of the kine-
matic heat flux w0�0 (Fig. 20) from the urban

simulation are different than those from the tra-
ditional method. While w0�0 is more or less con-
stant over the entire UCL in the traditional

simulation (as prescribed by the surface layer
theory, which doesn’t hold in the RS), it in-
creases with height in the urban simulation. This
trend is observable for both night and daytime.

The vertical heat flux is slightly negative during
night-time in the traditional simulation, while it
is near zero or slightly positive in the urban simu-
lation and in the measurements. This means that
the cooling is smaller with the urban parameter-
ization than with the traditional method, which is
in agreement with the higher temperatures com-
puted during night-time with the urban module
(Fig. 19). Additional work (not reported here)
analyzes the impact of each input term of the
module, in order to determine the most sensitive
parameters (Roulet et al., 2004), and eventually
to improve the quality of the simulation. Also
three-dimensional simulations on the region of
Basel, in order to validate the meso-scale model
with the urban parameterization are performed
(Roulet, 2004).

4.2 Dispersion modeling

If pollutant dispersion modeling cannot afford
full 3d-simulations (for example because many
situations need to be simulated or the result
needs to be available in short, emergency re-
sponding time) simpler dispersion models may
be used. In recent years a number of models
have been developed which are specifically
suited for urban surfaces. Rotach (2001) has
modified a Lagrangian Particle Dispersion
Model (LPDM) to specifically take into account
the turbulence structure of the urban RS. An
even simpler dispersion model to be tested on
the BUBBLE tracer data is the Gaussian plume
model OML-URB. This model is based on the
Danish operational dispersion model OML
(Olesen et al., 1992) and has been modified for
urban RS turbulence in very much the same
fashion as the LPDM by De Haan et al. (2001).
Using yearly average concentration data from
many sites in Zurich (Switzerland), they also
found that taking into account the turbulence
structure of the urban RS largely improves the
prediction skill of this simple dispersion model.
The same conclusion is drawn by Leone et al.
(2002) using a Gaussian model to model tracer
releases (surface source) in the context of
URBAN2000 in Salt Lake City.
Figure 21 shows that numerical modeling

using an urban LPDM is able to reproducing
near-surface observations satisfactorily, at least
for experiments 1 and 2. Clearly, these two
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experiments are reproduced better than 3 (large
scatter) and 4 (underestimation by the model).
Overall the model has a tendency to underesti-
mate peak concentrations and overestimate small
concentrations (i.e. at large distances from the
source). This points to a (modeled) under-estima-
tion of the lateral dispersion process – even if
observed turbulence characteristics (such as �v)
are employed and the model takes into account
the specific characteristics of urban RS turbu-
lence (Rotach, 2001). Possible reasons for this
underestimation and more detail about the simu-
lations are given in Rotach et al. (2004). Here, it

suffices to state that the BUBBLE data set is
excellent to study a) urban dispersion processes
in general and b) to validate and improve disper-
sion models for urban applications.

5. Wind tunnel simulations

5.1 Introduction

There is a growing awareness within the scien-
tific community that validation data for numerical
models are not just any experimental data. They
must fulfill certain requirements with respect to

Fig. 19. Daily evolution of potential
temperature (denoted PT) in the street
canyon for the urban simulation (solid
line), the rural simulation (dashed line),
the traditional urban parameterization
(dotted line) and the measurements
(crosses) in the street canyon. Observa-
tions from site Ue1
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completeness, spatial and temporal resolution,
accuracy and representativeness of the measured
results (Leitl, 2000). If these requirements are not
met, too many degrees of freedom remain for the
set-up of numerical model runs. A wide variety
of numerical results can be generated within the
limits of reasonable assumptions for the input
data, with the consequence that a tenable con-
clusion concerning the model quality cannot be
achieved.

To overcome these problems, the best solu-
tion is the combination of field measurements

and laboratory experiments. Modern boundary
layer wind tunnels allow the replication of cer-
tain urban flow and transport processes under

carefully controlled conditions (Schatzmann
et al., 1999 or Pascheke et al., 2001). On the
one hand, physical modeling allows for reducing
the gaps in inevitably fragmentary field data and
the requirements stated before can be met thus
significantly enhancing the value of the field
data. On the other hand, physical models are
always limited due to scaling considerations
(trade-off between detail and similarity require-
ments) and stratified flows are still at least
difficult to simulate. Therefore, the full-scale
BUBBLE observations were complemented by
a wind tunnel study of a core region in the city
of Basel. Wind tunnel runs include both flow
(turbulence) characteristics and concentration

Fig. 20. Daily evolution of the kine-
matic vertical temperature flux (de-
noted WT) in the street canyon for
the urban simulation (solid line), the
rural simulation (dashed line), the
traditional urban parameterization
(dotted line) and the measurements
(crosses). Observations from site Ue1
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measurements. The area of interest has therefore
been defined as the region of the full-scale tracer
experiments (Section 3) and any mentioning
of specific conditions will refer to the tracer
experiments (Section 3).

5.2 The Hamburg wind tunnel

The physical model study for BUBBLE is carried
out in the new Large Boundary Layer Wind
Tunnel WOTAN at Hamburg University (Fig.
22). The 25m long facility provides an 18m long
test section equipped with two turntables and an
adjustable ceiling. The cross section of the tunnel
measures 4m in width and 2.75 to 3.25m in
height (variable ceiling). For precise probe posi-
tioning and automated measurements, the tunnel
has a computer controlled probe carriage system
featuring a positioning accuracy of about 0.1mm
on all 3 axes for all types of probes used in
the tunnel. An extensive custom-made software
package has been developed for automated and
semi-automated measurements, probe calibration
and positioning, online data visualization, data
reduction and data validation.
In order to achieve high accuracy of wind tun-

nel data, all measurement systems, as well as the
precision mass flow controllers for the emission
sources can be calibrated against independent
certified reference standards available in the lab-
oratory. They are checked and recalibrated in
order to ensure reliable measurements: at least

Fig. 21. Comparison of modeled and observed 1-hr mean
near-roof concentrations for all four tracer experiments (see
inlet). Difference to the results presented by Rotach et al.
(2004) for Exp 1 (their Fig. 11) is different choice for the
parameter Co ¼ 2 (rather than 3). See their discussion on
the impact and meaning of this modification

Fig. 22. Sketch of the Large Boundary Layer Wind Tunnel WOTAN of Hamburg University

BUBBLE – an Urban Boundary Layer Meteorology Project 255



once per day for the controllers and several times
even between measurements for all other mea-
surement systems.

5.3 Modeling considerations

A detailed aerodynamic model of the BUBBLE
test site was constructed (Fig. 22). The geometric
scale of the model was chosen to be 1:300. This
scale allows an urban area with a diameter of
about 1 km around site Ue1 to be represented
in the wind tunnel. For the boundary layer flow
to adjust to local conditions before entering the
core area, the model will be extended a further
1 km into the prevailing wind direction (330� –
i.e. the dominating wind direction during the
tracer experiments).
When choosing the geometric scale, one has

always to compromise. The smaller the scale, the
larger the area covered but the poorer the spatial
resolution in a physical model. With the present
choice, buildings of 30m height have a model
height of 0.1m, which is well above tractable
limits. Transferred to field scale, velocity mea-
surements carried out with our Laser Doppler
Anemometer are representative for a volume of
about (0.15m)3, the spatial resolution of Fast

Fig. 23. Wind tunnel model (1:300) of the Kleinbasel area
(corresponds approximately to the white area in Fig. 2).
View from about 330�. The light surface region in the fore-
ground represents the river Rhine. White material within
the scale model corresponds to vegetation

Fig. 24. Turbulence intensity at four height levels as observed over the wind tunnel model within the region where the tracer
experiments took place. The approach flow is along the x-axis from left to right. Underlying building structures are indicated,
site Ue1 is located at x¼ 0m, y¼ 0m
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Flame Ionization concentration measurements is
even better. Compared to the resolution of nu-
merical grid models, the measurement volumes
can be regarded as small.

For the simulation in the wind tunnel, field
episodes with moderate to strong winds are cho-
sen. Under such conditions it can be assumed
that the vortices shed by the urban roughness ele-
ments are sufficiently intense to establish a well-
mixed and neutrally stratified inertial sub-layer.
Control over the boundary layer structure in the
wind tunnel can be obtained by use of specific
combinations of vortex generators and artificial
roughness elements distributed over the bottom
of the flow establishment section (upstream of
the model domain).

5.4 Preliminary results

The BUBBLE wind tunnel study aims at repli-
cating and complementing the full-scale obser-
vations and at providing data suitable for the
validation of obstacle resolving micro-scale
models or for certain turbulent flux parameteri-
zation schemes used in such models. The total
data set comprises a documentation of the
boundary layer flow at the entrance of the model
domain which consists of the mean flow profiles
for all three components of the wind vector, the
vertical and turbulent fluxes, the integral length
scales of turbulence and the power spectral den-
sities (Feddersen et al., 2003, 2004). As an ex-
ample Fig. 24 shows the spatial distribution
of the turbulence intensity Iu at four different
height levels in the vicinity of site Ue1. Clearly
on a quite small scale a substantial horizontal
variability is observable close to roof level. At
z=zH ¼ 3:1 the turbulence intensity has homoge-
nized significantly within the horizontal cross
section. Also, flow visualization experiments
were carried out using Laser light sheet tech-
nique and component resolving flow measure-
ments at selected points of the model domain
(field monitoring stations). Finally, in a second
simulation phase high-resolution concentration
measurements at selected points (again corre-
sponding to full-scale tracer sampling sites) for
several approach flow directions and for a vari-
ety of tracer gas release positions were obtained
(Feddersen et al., 2004).

6. Summary and conclusions

In the present paper first results from the activ-
ities within the Basel UrBan Boundary Layer
Experiment, BUBBLE are presented. The overall
goal of this project was to address a number of
unresolved issues in urban boundary layer me-
teorology as emerged from a series of workshops
within COST 715 (Schatzmann et al., 2001;
Piringer, 2001; Piringer and Kukkonen, 2002;
Rotach et al., 2002, 2003a).
The philosophy of BUBBLE can be summa-

rized as follows:

– To provide a long-term data set specifically
suited to investigate the meteorological
conditions determining pollutant dispersion
processes in urban areas. Specifically, it was
made sure not only to operate either near-
surface turbulence observations or remote
sensing boundary layer observations, but

both. With this in mind two urban turbu-
lence sites (6 levels each), a wind profiler
and a lidar monitored the boundary layer in
the City of Basel for a period of about one
year.

– To investigate spatial inhomogeneity of fea-
tures as emerging from the long-term observa-
tions through establishing many more sites
during an IOP of about one month duration.
This led to setting up additional surface (sub-
urban and rural) turbulence as well as remote
sensing sites (RASS, sodars, tethered balloon)
in the area of Basel.

– To yield the background meteorological obser-
vations for a number of specific research
topics in the urban environment. Thus during
the IOP specific measurement campaigns were
made with respect to urban street canyon
energetics, exchange of CO2 from an urban
surface, pollutant (tracer) dispersion and
radiation properties with respect to satellite
retrieval algorithms.

– To combine full-scale observations with
numerical and physical modeling in order to
optimally use the advantages of those three
basic approaches for the investigation of atmo-
spheric processes. Thus not only numerical
modeling studies were advanced in parallel
to the observations, but also a wind tunnel
model was constructed.
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BUBBLE was probably one of the longest and
most detailed urban boundary layer programs.
Preliminary data analysis has shown the potential
and richness of this data set as well as the value it
will have to further pursue the work of devising
appropriate turbulence exchange parameteriza-
tions, be it for numerical models (including
operational weather forecast models) or for air
pollution dispersion models. The data set can
be used to study basic characteristics of urban
climate (Christen and Vogt, 2004) including
comparisons to other city environments. Also it
will help to devise recommendations on the use
or estimation of urban meteorological parameters
for simple models (e.g. Christen and Rotach,
2004). Apart from giving a quite detailed over-
view on the activities within BUBBLE the pres-
ent paper also serves as tool to disseminate the
sources of further information that can be ob-
tained on this project. One of the most important
resources is the project’s web site (http:==
www.unibas.ch=geo=mcr=Projects=BUBBLE=),
where information, pictures, publications, de-
tailed instrument information and addresses can
be found. It is hoped that BUBBLE data and
research will widely be used by the urban bound-
ary layer community, for model evaluation and
process studies.
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